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1.  Sim\RY  AND  INTKOIHICTION 


1 . 1 SUMMARY 

This  report  describes  a tlieoretieal  invest  ion  of  optical 
materials  and  design  techniques  for  achieving  athermali:ed  focus 
and  boresight.  Although  dealing  primarily  with  the  visible  spectrum, 
the  results  apply  equally  to  any  system  whose  behavior  can  be  described 
with  gauss ian  theory. 

The  investigation  deals  mainly  with  homogeneous  thermal  soak,  to 
a lesser  extent  with  simple  thermal  gradients,  and  not  at  all  with  the 
atmosphere  and  other  effects  external  to  the  optics.  Regretfully,  it 
has  only  been  possible  to  warn  of  the  complexities  of  inhomogeneous 
refractive  index  accompanying  thermal  gradients,  which  result  in  pecu- 
liar and  formidable  problems  in  the  analysis  of  prisms. 

The  wave  aberration  theoretical  technique,  already  rapidly  dis- 
placing geometrical  techniques  in  the  specification  and  analysis  of 
optical  components  and  images,  is  now  applied  to  focus  and  boresight. 

It  is  suggested  that  this  technique  provides  greater  economy  and  insight 
than  older  techniques,  and  is  a logical  development  toward  establishing 
a homogeneous  merit  function  for  system  performance.  Following  devel- 
opment of  the  wave  theory  as  applied  to  focus  and  boresight,  the  accu- 
racy of  theory  is  demonstrated  by  exact  raytracing. 

It  is  explained  that  while  certain  optical  systems  can  be 
athermalized  in  retrospect  rather  than  during  component  optimization, 
better  results  are  achieved  by  introducing  thermal  considerations  at 
the  outset  of  the  design  process.  The  designer  has  at  his  desposal  a 
wide  variety  of  special  glass  types,  as  well  as  a conventional  array 
of  plastics,  fluids,  high  and  low  expansion  mechanical  materials,  all 
of  which  can  be  included  in  the  process  of  first-order  layout  to  max- 
imize resistance  to  thermal ly- induced  deterioration  of  performance. 

The  properties  of  selected  materials  are  documented,  and  a number  of 
techniques  for  athermalized  design  are  illustrated. 

1.2  INTRODUCTION 

The  majority  of  older  techniques  for  tolerancing  boresight  and 
focus  are  based  on  the  empirical  approach  of  repeatedly  raytracing 
an  optical  system  as  each  optical  parameter  is  disturbed,  then  reset 
to  its  nominal  value.  The  total  allowable  error  is  partitioned  ac- 
cording to  R.SS  theory  assuming  scaler  combination  of  the  errors. 

Modern  performance  requirements  have  become  so  stringent  that  it  is 
unlikely  the  vector  nature  of  errors  can  any  longer  be  ignored,  for  the 
tolerances  required  to  achieve  absolute  stability  are  inconsistent  with 
light  weight  and  portability. 


Kf  .1  i-iunp.tr.i!  i\ I'ly  lu'u  thi-oi-y,  tiasi\l  on  t lu'  j;oonu't  r lea  1 

wavi'  theory  ot'  optirs,  which  permits  a vectorial  interpretation  of 
horesij;lit  aiul  focus  errors,  aiul  which  proviJes  jjreater  economy  of 
calculation  couplevl  with  stroiij*  perceptual  insight.  The  wave  theory 
has  the  further  ailvanta|i>e  that  it  is  consistent  with  nKiJern  tecluiiques 
of  itnajie  analysis,  so  that  shoulJ  a system  merit  function  he  i.leviseti 
which  must  inelude  focus  aiui  l'oresi^;ht,  our  theory  is  ilirectly 
appl 1 cable. 

Relative  to  ^jlohal  coorJinate  system,  the  effects  of  any  kiiul 
of  misalignment,  vibration,  thermal  distortion,  or  element  parameter 
error  can  he  e.xpressed  as  a wave  aberration.  (Tistomari  ly , opticists 
deal  with  terms  of  the  fourth  order  to  describe  failure  of  the  system 
to  produce  a stigmatic  image;  the  second  order  terms,  which  pertain 
to  focus  aiul  luires ight ,have  been  given  little  attention.  However, 
nearly  all  prior  treatments  deal  with  the  rotational ly  symmetric  optical 
system.  Uur  purpose  is  to  consider  additionally  the  asynunetri  re- 
sulting from  thermal  influence. 

Theoretical  consideration  indicates  that  all  simple  errors  can  be 
dealt  with  using  algebraic  techniques.  Peculiar  effects,  such  .is 
stress-induced  birefringence  and  nonlinear  distortions  are  beyond  the 
scope  of  the  present  investigation. 

This  report  is  limited  in  its  scope  to  basic  theory;  however, 
exact  raytracing  has  been  performed  to  test  agreement  with  low  order 
calculations.  No  exceptions  have  been  found  to  the  qualitative  predic- 
tion of  boresight  and  focus  error,  and  indeed  quantitative  agreement 
has  been  found  exceptionally  good. 

We  are  concerned  only  with  the  basic  optical  system.  We  disregard 
atmospheric  and  airflow  effects.  IHir  emphasis  is  on  homogeneous  tern 
perature  distribution,  but  we  discuss  thermal  gradients  to  the  extent 
our  understanding  of  the  subject  permits. 

A great  advantage  of  the  wave  method  of  analysis  is  that  the  cause 
of  boresight  and  focus  error  has  a physical  meaning,  clear  by  inspection, 
and  requires  no  calculation  to  be  understood.  To  quantify  the  effects, 
we  have  shown  how  to  calculate  the  sign  and  magnitiule  of  wave  aberr.it  ion 
arising  from  any  homogeneous  thermal  disturbance  of  windows,  lenses, 
mirrors  and  prisms.  We  use  the  convention  of  analytic  geometry,  however 
other  conventions  are  known  and  the  re.ider  is  free  to  chose  his  own. 

I'he  principles  of  athermal  design  divide  into  two  classes.  I'he 
first  deals  with  preventing  the  separate  components  from  ch.inging 
focus  and  boresight.  I'he  athermal  i:ed  achromatic  lens  is  an  example. 

I'he  second  class  deals  with  flexible  elements,  using  cross-correct  ion 
to  achieve  stabilization.  The  two  techniques  can  be  usevl  together  for 
maximum  compensation  of  thermal  distortion.  We  suggest  tiiat  when  an 
inertial  reference,  such  as  gravity,  is  .ivailable,  great  .iccuracy  can 
be  obtained  by  coupling  the  optical  system  to  it. 

A gre.it  variety  of  optical  materi.ils  is  avail. ible.  The  properties 
of  optical  glass,  plastic,  liquiils,  mirror  materials,  .ind  ordinary  cell 


materials  are  sampled  iti  several  tables  which  we  have  compiled  usiiij; 
maiuit'ac t iirers ' catalog's  and  published  data.  No  guarantee  is  made  that 
our  transcription  is  perfectly  accurate,  nor  should  one  show  absolute 
confidence  in  a manufacturer's  data.  We  know  of  one  case  where  a well- 
regarded  plastics  manufacturer  has  consistently  listed  the  wrong  sign 
for  a critical  thermal  property. 

We  have  provided  conceptual  layout  and  discussion  of  selected 
techniques  for  athermal i:ing  optical  systems.  Originally  we  had  in- 
tended to  deal  with  shared  aperture  and  parallel  aperture  optical 
systems,  however  we  realized  the  tolerancing  of  a pair  of  optical 
trains  to  each  other  was  sensibly  indentical  to  tolerancing  any  one 
system  to  a global  coordinate  system.  We  had  also  intended  .an  ambitious 
discussion  of  zoom  systems,  but  came  to  realize  this  could  constitute 
a report  in  itself.  A more  modest  discussion  resulted. 

A Selected  Bibliography  is  provided  which  may  of  some  value  to 
the  reader  who  wishes  to  study  various  facets  of  the  topic  in  greater 
detail . 


2.  PKKhORM/VSCi;  CONS  IDl-RATIONS 


Ntodulation  transfer  function  (Nni)  and  encircled  ei\erRy  are  two 
key  indicators  of  the  quality  of  focus.  Assuminj;  an  otherwise  perfect 
optical  system,  the  effects  of  defocus  are  indicated  in  ligs.  1 and  2. 


I 

i 

i 

f 


frsettMt  of  cwtoff  fro^ueitay 


Pig.  1.  Nfl’P  in  the  presence  of  detocussing. 


Defocussing  produces  a 
symmetrical  point  spread 
function,  a saving  grace 
for  boresight.  However, 
the  uncertainty  with  which 
the  centroid  can  be  found 
is  reduced  for  stellar 
targets,  and  becomes  con- 
fused if  the  target  is 
buried  in  backgrouml 
clutter  competing  for  rec- 
ognit  ion. 

error  budgets  usually 
deal  with  RMS  values.  The 
RMS  value  of  defocus  equals 
the  peak-to-val ley  (P-V) 
defocus  divided  by 


RMS  wavefront  enor .waves 

Pig.  2.  effect  of  random  wavefi'ont 
error  on  central  intensity. 
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2.2  CHNTKAI.  OBSCURATION 

The  oxistance  of 
a central  obscuration, 
typical  in  reflective 
systems,  causes  light 
to  be  spread  out  from 
the  central  Airy  disc 
into  the  outer  diffrac- 
tion rings.  This  causes 
the  effects  on  ^^rF  and 
encircled  energy  shown 
in  Figs.  3 and  4.  In 
deciding  whether  to  use 
a refractor  or  reflec- 
tor, the  matter  of 
central  obscuration 
often  decides  the 
matter.  All  things 
being  equal,  it 
would  seem  that  the 
refractor  might  have 
a more  liberal  error 
budget  because  it  has 
a higher  nominal  MTF 
and  smaller  radius  of 
given  encircled  energy 
than  its  reflective 
counterpart.  In  recent 
years,  however,  we 
have  seen  a rapid 
development  of  unob- 
scured, off-axis 

r:,  “>0 

reflectors . 


Fig.  4, 


Airy  Disc  Hfldii 


Radial  energy  distribution  for  a 
diffraction-limited  aperture  with 
circular  central  obscurations. 





O.l  0.2  O.y  Q.A  0.5  0.6  0.7  0.8  0.9  1.0 


Nom.illscd  Spatinl  Frequency 


Fig.  3.  Diffraction  Sine  Wave  Response 
with  central  obstruction. 
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J.S  HilKISH'.Ill  I UKOK 

lU>rosi^ht  h;is  tu'  lu-  sjh'i' 1 1' i i‘vl  iii  ti'i'ins  of  .1  |)i'ol)ab  1 1 1 1 y tiiiutioii, 
tu'i'.uisi'  t lu'  I'x.ii't  vl  i I'l'i' t ion  of  t lio  axis  is  iu'\i-r  porfoitly  known,  aiul 
lu'oansi'  It  1ms  no  otfov't  I'li  Mil'.  Tho  iliaiiu'tt'r  of  a OM'v'lo  within 
which  t lu'  tarjtot  has  a SO".  likoliluKul  of  falliny.  is  known  as  tlu-  I'irclo 
Ilf  l((iial  l’|•ohalll  I 1 1 y (t.‘l  I')  . niul  is  usisl  alony,  with  ^rl'l■  of  one  1 rc  1 oil 
onofjty  to  ostahlish  a fi^jiiio  of  iiiorit  for  a point  iii)’  or  traokin^t 
syst  om. 

It  is  hoyoiul  t ho  soopi'  of  tho  prosont  invost  lypit  ion  to  ili'al  with 
tho  Jon  vat  ion  of  sfioo  i f ioat  ions  for  (JP. 

J.  l I.KRdR  iuiiu:i  f 

An  orror  analysis  of  tho  total  system  has  to  ho  porformoJ.  I'ho 
first  orJor  orrors  will  rosiilt  in  inaooiirato  Jotorminat  ion  of  an^lo 
anJ  Jistaiu'o,  as  well  as  a loss  of  contrast  (kfl'l'l.  Tho  naturo  ot'  tho 
system  has  to  ho  well  iinJorstooil : whether  it  is  to  moasiiro  ahsoliito  or 
Jifforontial  values.  fho  accuracy  ri‘i(uiroJ  to  acipiiro  a t.trjjot  m.iy 
ho  coarse,  while  precision  is  roipi  i I'oJ  for  contoi'iny,  aiul  iliscrimina- 
t ion  of  detail  . 

When  a largo  system  is  moved,  it  requires  some  settling  time 
hefore  precise  measurements  can  he  taken,  fhis  reflects  on  the 
mechanical  design  of  the  instrument,  however  the  optical  layout  can 
readily  affect  the  ohtairi.ihle  performance.  It  is  also  known  that  if 
an  optical  system  is  siuldenly  uncovered,  it  may  require  a long  time  to 
'settle  out'.  file  pur|iose  of  this  report  is  to  deal  with  athermalira- 
t ion  which  hopefully  will  also  minimize  the  time  required  to  reach  an 
acceptable  error  level . 

Parts  can  wear  out,  particularly  in  zoom  systems.  Ihe  effects 
of  wear  and  loss  of  luhrication  should  he  invest  igateil  and  alloweil 
for  in  projecting  the  lifetime  and  gradual  deterioration  of  the  in- 
strument. A ilesign  suhject  to  wear  should  he  toleranced  fi'r  gre.iter 
initial  quality  than  designs  that  are  resistant  to  change.  It  shoiiUl 
he  pointed  out  that  any  ilesign  exposed  to  a non- lahoratory  evironment 
will  suffer  a gradual  loss  of  contrast  due  to  pitting  of  windows  .md 
residues  deposited  on  the  elements. 

An  instrument  should  he  ruggedized  according  to  the  use  to  which 
it  will  he  put.  Many  designers  overlook  the  fact  that  possibly  the 
most  grueling  test  an  instrument  can  he  put  to  will  occur  in  shipping. 

It  is  unwise  to  rely  on  user  adjustments  and  calibration  schemes  except 
as  a last  resort.  Therefore,  the  design  must  he  thought  through  as 
completely  as  possible,  viewing  it  not  only  through  the  eyes  of  .1 
lahoratory  technician  hut  from  those  of  the  eientual  user.  j| 

We  will  deal  mainly  with  the  problem  of  toler.incing  components  I 

for  fabrication,  assembly  and  alignment.  The  instrument  will  probably  , 

require  some  factory  adjustment  to  reach  specifications.  I'h.it  thi'>  1 ^ 

so  can  he  understood  by  noting  that  modern  precision  pointing  .ind  tr.ick-  j 

ing  systems  achieve  better  than  microarcsecond  .icciir.icy.  A toler.ince  j 

analysis  shows  that  components  cannot  he  built  to  .illow  drop-in  .ichiev- 
ement  of  such  ipiality.  Therefore,  thi'  error  .in.ilysis  takes  note 
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this.  Those  defects  of  optical  radius,  thickness,  tilt,  ccntration, 
spacinjj  and  refractive  index  that  can  be  eliminated  by  practical 
adjustment  are  removed  from  the  error  budget.  The  remaining  defects 
are  known  as  non-compensatabl e errors. 

The  non-compensatabl e errors  of  a system  must  combine  to  be 
within  system  tolerance.  An  example  of  a budget  is  illustrated  in 
Fig.  5.  In  an  uncompensated  thermal  system,  the  errors  are  mainly 
systematic  rather  than  random,  so  that  while  not  compensatable,  they 
are  surely  repeatable.  This  kind  of  budget  is  different  than  the  one 
which  has  been  thermally  compensated.  It  is  reasonable  to  expect  a 
good  degree  of  randomness  and  the  application  of  RSS  tolerancing  is 
reasonably  valid. 


System  Goa/ 


Fabrication  and  Assembly 
.0101  rms 


2 mirrors 
2 lenses 


each  element 
.0051  rms 
“ .0251  p-p 
*.321  p-p  9632. Ana 


Diffraction  Limited  t 8.0  um 
.0251  rms 


Alignment/ Dynamic/St rue tural 
n?2\  nn« 


Optical  Elcmcnf/PP 
al ignment 
.0141  rms 


5 elements 
each  element  .0061 


Focun  j 
boresight 
.0141  rms 
'.0701  p-p 

'.881  p-p 

9632. Snm 


Progressive,  long-term 
non-compensatabl e 
distortions 
.0101  rms 
*.041  p-p 
'.641  9 632. 8na 


.0.301  p-p 
.401  p-p  9632. 8nm 


VOTE:  Image  jitter  not  included 
in  this  budget. 


Fig.  5.  (ioncral  error  budget  for  passive 
Optical  .System 
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2.5  FtERIT  FUNCTION 

The  merit  functions  used  in  lens  optimization  are  based  on 
some  measure  of  transverse  aberration,  such  as  the  RMS  spot  size,  or 
on  the  wavefront  variance.  Dcfocus  is  included  directly  with  the 
other  aberrations  in  determining  the  plane  of  best  focus.  It  is 
therefore  natural  to  include  defocus  into  a merit  function  for  an 
athermalized  lens.  The  use  of  a zoom  program  is  ideal  for  optimiza- 
tion of  performance,  on  the  assumption  sufficient  experience  has  been 
gained  to  be  sure  the  techniques  work  as  well  in  practice  as  on  paper. 

Including  boresight  into  the  merit  function  is  a bit  more  com- 
plicated, and  involves  some  definition  of  the  CEP.  Since  defocus  and 
other  imaging  aberrations  have  a bearing  on  the  CEP,  along  with 
boresight  accuracy,  weighting  factors  can  be  derived.  The  wave 
aberration  form  for  boresight  and  defocus  are  logically  computed  along 
with  the  other  image  aberrations,  so  that  a single  figure  of  merit 
would  seem  possible. 
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WAVi;  ABI  RRATION  THl-ORY 


3.1  t IRST  ORDLR  QiNliRATlON  AND 
PROPACATION  01'  WAVlilRONTS 


The  wave  theory  of  liRht,  invented  by  HuyRens  and  brought  to  a 
state  of  refinement  for  the  optical  designer  by  H.  H.  Hopkins,  holds 
that  each  jioint  on  a Iviminovis  surface  emits  spherically  expanding 
bundles  of  light,  parts  of  which  may  be  intercepted  and  utilized  by 
an  optical  instrument.  A surface  of  equal  phase  in  the  light  bundle 
is  termed  a wavefront.  The  focussed  point  is  actually  blurred  since 
not  all  the  light  emitted  by  the  source  is  intercepted  by  the  instru- 
ment, resulting  in  diffraction-limited  reconstruction  of  the  point 
image.  The  total  image  of  the  source  equals  this  point  spread  func- 
tion convolved  with  the  geometrical  image  of  the  source. 

Any  departure  from  sphericity  in  the  focussed  wavefront  results 
in  a broadening  of  the  point  spread  function,  thus  departures  from 
a spherical  reference  sphere  are  considered  aberrations.  Some  defects 
do  not  disturb  the  size  of  the  point  image,  but  affect  its  desired 
location  relative  to  other  points  in  the  image.  This  is  termed  dis- 
tortion. In  practice,  any  departure  from  the  desired  focal  point, 
either  axially  or  laterally,  may  be  treated  as  an  aberration.  Focus 
and  boresight  errors  may  be  called  aberrations  since  we  so  chose  to 
define  them. 

A primary  advantage  of  the  wave  theory  is  its  simplicity.  A 
technical  advantage  is  that  methods  for  computating  diffraction- 
based  imagery  utilize  wave  theory  in  one  fashion  or  other.  The  mod- 
ulation transfer  function,  for  example,  is  determined  either  from  the 
convolution  of  the  pupil  function  with  itself,  known  as  an  autocorrel- 
ation, or  from  the  Fourier  transform  of  the  diffraction-based  point 
spread  function,  which  itself  is  the  Fourier  transform  of  the  pupil 
function.  The  pupil  function  is  nothing  more  than  wavefront  departure 
from  a sphere  in  the  exit  pupil. 

An  exact  analysis  of  wave  aberration  is  exceedingly  complicated, 
but  for  ovir  purpose  wave  theory  is  simpler  than  geometrical  raytracing 
We  shall  deal  only  with  first  approximations,  and  these  we  shall  find 
extremely  straightforward.  We  believe  the  designer  using  wave  theory 
will  become  more  comfortable  in  tolerancing  focus  and  boresight  errors 
than  he  was  with  alternate  models  of  the  problem. 
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At  the  first  order 
level,  also  termed  second 
order  wave  theory,  we  will 
deal  only  with  algebraic 
calculations.  All  curves, 
spherical  or  aspheric, 
behave  like  parabolas. 

Cosines  become  unity, 
sines  and  tangents  become 
equal.  We  deal  with 
infinitesimal  quantities 
in  our  derivations,  yet 
the  results  are  highly 
useful  for  very  significant 
disturbances  to  the  normal 
design.  At  this  level, 
only  focus,  phase  and  bore- 
sight  errors  exist.  Chromatic 
aberrations  are  simply  the 
change  of  these  with  wave- 
length. l.rrors  .arise  from 
disturbances  to  the  nominal 
construction  of  the  system: 
changes  in  curvature,  spacing, 
refractive  index,  dispersion, 
and  centration.  Fig.  6.  First  order  propagation 

of  wavefront 

The  nice  thing  about  aberration, 

low  order  aberrations  {up  to 
the  third  order  in  transverse 
terms,  or  correspondingly  the 
fourth  order  in  wave  aberration) 

is  that  they  act  separately  from  each  other.  One  does  not  induce 
another,  and  we  may  add  them  up  (vectorial ly  if  that  be  the  case) 
indefinitely.  The  result  is  an  output  wavefront  which  has  the  sum  of 
the  defects  contributed  by  each  error  source. 

Fig.  6.  attempts  to  illustrate  the  concept  that  the  'aberration', 
wherever  or  however  generated,  propagates  through  the  optical  system 
and  has,  to  the  first  approximation,  the  same  magnitude  and  sign  as 
when  it  was  generated.  There  are  no  magnification  factors  or  inver- 
sions involved,  as  is  the  case  with  raytracing  methods.  It  is  clear 
by  inspection  what  the  magnitude  of  the  aberration  is  at  all  times. 

As  we  shall  see,  it  is  easy  to  calculate  wave  aberrations  given  only 
a single  paraxial  raytrace  of  the  nominal  optical  design  and  a statement 
of  the  disturbances  to  each  component. 


vedfe 


«edfe 


Despite  the  advantages  of  computers,  it  is  still  good  advice 
to  keep  things  simple.  An  approach  to  this  in  optical  analysis  is 
to  divide  a complicated  problem  into  fundamental  parts  as  indicated 
in  Fig.  7.  All  optical 
systems,  at  the  first 
order  level,  and  we 
include  diffractive 
elements  too,  can  be 
subdivided  into  just 
three  fundamental 
optical  units;  the 
thin  lens,  the  thin 
prism  (wedge), 
and  the  plane-paral- 
lel disk  of  glass! 

It  isn't  asking 
much  to  remember 
the  aberrations 
generated  by  these 
three  simple  units, 
but  it  would  be 
overly  demanding 
to  tackle  a complex 
optical  system 

that  had  not  been  previously  subdivided.  Furthermore,  without  the 
benefit  of  simplification,  valuable  insights  would  be  lost.  Of 
course,  as  one  gains  experience  with  the  wave  theory,  he  develops 
his  own  building  blocks  for  analysis.  We  merely  wish  to  point  out 
that  tolerancing  focus  and  boresight  need  not  be  an  excruciating 
experience. 


Fig.  7. 


Division  of  a complex 
system  into  simple  units. 


r 

I 


i: 

3.J  AI’PI.ICATION  or  Till  Ol’l)  Ml  IIIOI) 

A wavefront  is  a mathematical  abstraction,  a surface  of  li>;ht 
all  sections  of  which  have  spent  an  identical  amount  of  time  travel  inj> 
from  a single  point  source.  The  product  of  path  length  and  refract i\e 
index  alonj;  each  path  section  is  called  the  Optical  Path  l.cnuth,  OPI.. 

The  li>;ht  will  focus  to  an  optimum  point  if  the  w.ivefront  has 
a spherical  shape.  Any  departure  from  sphericity  is  termed  aberration. 
Tor  our  purposes,  we  also  describe  defocus  and  boresij’ht  error  as 
aberrations.  These  correspond  to  different  spherical  wavefront  shajies 
and  tilts  than  those  which  converjje  to  the  desired  image  point. 

The  concept  of  OPI. 
can  be  used  to  easily 
calculate  the  refraction, 
reflection,  and  diffraction 
of  light.  In  this  report,  we 
will  not  concern  ourselves 
with  diffraction,  that 
being  too  complex  a field 
for  our  present  interest. 

Consider  Tig.  8,  in 
which  a prism  refracts  a 
beam  of  light.  light 
travels  more  slowly  in 
glass  than  it  does  in  air, 
and  refractive  index  is  the 
ratio  of  the  speed  of  light 
in  a vacuum  to  its  speed 
in  another  medium  like 
glass.  The  wavefront  leaving 
the  prism  is  a surface  which  has  identical  OPI.s  measured  from  the 
incident  wavefront.  OPI.  along  A'B'l''b'  equals  that  along  AIU!"1>". 
However,  first  order  theory  sets  cosines  equal  to  unity,  so  th.it  we 
can  set  ABtV'H"  equal  to  AB(d',  a straight  line.  Similarly  for  .iny 
other  incident  line.  Subract ing  BC  from  BH  gives  twice  the  OPD,  since 
by  convention  we  reference  OPH  to  the  axis.  Since  the  prism  tajUM's 
linearly,  the  output  waveform  must  remain  plane. 
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As  shown  in  11^.  9,  wo 
can  apply  tho  same  thinking  to 
refraction  through  a lens.  Ihe 
lens,  however,  has  a curved 
shape  rather  than  a simple 
taper.  To  the  first  approxi- 
mation, any  continuous  curve 
with  rotational  symmetry  can 
be  expressed  as  a paraboloid. 
Therefore,  the  thickness  of 
the  lens  decreases  with  the 
square  of  the  distance  off- 
axis,  and  OPD  will  thus 
increase  quadrat ica 1 ly  with 
distance  off  axis.  This  is 
identical  to  saying  the  lens 
has  power.  The  point  which 
the  output  wave  converges 
is  its  focal  point,  assuming 


OPD' 


Fig.  9.  OPD  method  used  to 

determine  refraction 
through  a lens. 


the  incident  wave  was  flat.  Otherwise,  that  image  point  is  referred  to 


as  being  conjugate  to  the  object  point.  The  same  argument  is  applied 
to  determine  the  focussing  properties  of  a curved  mirror. 


3.3  SNELL'S  UW  IN  PARAXIAL  FORM 


OPD  theory  is  easily  used  to  prove  Snell's  Law,  N sini  = N'sinl'. 
We  set  the  sines  equal  to  the  angles  to  obtain  the  paraxial  form. 


ni  = n' i ' 


The  geometry  required  for 
paraxial  (first  order) 
raytracing  is  shown  in  Fig.  10. 
If  u is  the  incoming  slope  angle 
relative  to  the  axis,  i the 
angle  of  incidence  (relative 
to  the  surface  normal  at 
the  point  of  ray  intersection), 
i'  the  angle  of  refraction 
(relative  to  the  surface 
normal),  d the  separation 
to  the  next  surface,  and  so 
forth,  useable  paraxial 
raytracing  equations  are 
given  below. 


Fig.  10.  Snell's  Law  at 

a refracting  surface. 


u = incident  slope 

i = y/R 

i ' = ni/n' 

u'  = u ♦ i ' - i 

y'  = u'd,  repeat  from  "i" 


.^.4  ni-FOCUS 


Wo  usually  think  of  Jefocus  in  terms  of  failing  to  focus  the 
lens,  or  otherwise  imperfectly  making  the  detector  line  up  with  the 
plane  of  best  imagery.  Hefocus  also  arises  from  any  symmetrical 
parameter  that  departs  from  nominal:  radius,  thickness,  refractive 
index,  and  spacing.  We  relate  ^ 

defocus  to  OPD  error  with  the  /y 

aid  of  Fig.  11.  We  sec  we  have 
two  spherical  wavefronts,  the  // 

actual  one  centered  at  F',  / 

and  the  desired  one  at  F.  The  / f 

difference  in  radii  is  equal  — I ^ " 

to  the  defocus.  Using  V 

parabolic  approximation,  we 

can  show  that  defocus  and  ** 

OPD  are  related  by  the  expression,  ' * *‘^*'* 


Ol’D  = 


(defocus) 


Fig.  11.  Defocus  and 
related  OPI>. 


but  y/R  = -u' , the  numerical  aperture,  so 


Ol’l)  = 


- (u* ) (defocus)  = - (defocus) 
^ 8 ( f/#  )2 


In  nominally  collimated  space,  the  error  of  a transmitter  is 
readily  Jet  ermi  nod  (rtim  the  Ol'P  and  t ho  iMvIitis  ol'  t iu'  o\ii  pupil. 

Angular  defocus  = 2-OPD/ (pupil  radius) 

Range  to  focus  = (pupil  radius^/ (2 ‘OPD) 


3.4.1  THICKNESS  OR  AIRSPACE  ERROR 

The  effect  of  an  error  is  to  change  local  object  distances. 

When  a surface  or  element  is  moved,  two  spaces  are  usually  changed 
at  once.  This  applies  to  mirrors  as  well  as  lenses,  and  the  results 
must  be  calculated  and  summed.  We  apply  the  defocus  equation  directly 
for  airspaces,  but  for  glass  thickness  errors,  we  multiply  the  glass 
thickness  by  (N-l)/N  to  obtain  the  air  equivalent  defocus. 

3.4.2  RADIUS  ERROR 

An  error  in  curvature  adds  or  deletes  "glass"  at  the  margin  of 
the  ray  bundle,  which  times  the  refractive  index  change  at  the  surface 
equals  OPD.  For  a single  lens  .surface  or  mirror. 


( N'  - N ).(  c'  - c) 


where  c = 1/  radius  of  curvature 


Rl  l RACl  IVI  IM)|  \ I RROK 


A simple  Jefocus  oceiirs  due  to  a chaoRe  in  the  central  airspace- 
equivalent  as  wig'll  as  a chaiiRe  in  surface  refractive  power.  The  former 
term  is  .^N•t  /N*.  which  is  then  entered  into  the  defocus  equation. 

.Surface  power  can  be  written,  OPO  = y(N'-N)/2R, 
error  in  refractive  index  causes  .1  defocus, 

0P1>  = >■'  • A(N'  - N)/2R 
.S.S  BliRISlCHT  IRROR 


As  shown  in  FiR.  12,  boresiRht  error  relates  to  the  lateral 
displacement  of  .in  imaRe  point.  In  collimated  space,  it  is  expressed 
.IS  an  aiiRular  error,  and  for  a telescope  objective  or  collimator,  the 
aiiRular  boresiRht  error  is  equal  to  the  imaRe  displacement  divided  by 
the  focal  letiRth. 


BoresiRht  errors  are  caused  by 
unsymmetrical  disturbances  to  the 
nomin.il  system.  However,  if 
the  optical  path  is  folded 
with  mirrors  or  prisms,  the 
system  is  Reometrical ly  un- 
svmmetrical  and  susceptable 
to  Ingres iRht  error  even  with 
isotropic  temperature  chanRe. 

A siRii  convention  is 
indicated  in  the  fiRure.  Ihe 
value  of  OPP  is  the  beam  radius 
multiplied  by  the  tilt  of  the 
wavefront.  Conversely,  the 
anRular  boresiRht  error  is  the 
OPO  divided  by  the  entrance 
pupil  radius. 


. borrslght 
error 


FiR.  12.  BoresiRht 
aberrat ion 


.A.  5. 1 nF.CF.NTFRF.n  OPTICAL  SlIRFACF. 


If  a surface  is  decentered  by  d,  the  wavefront  will  emerRe 
tilted  by  -(N'  - N)-d/R,  so  that  boresiRht  OPP  is. 


DPP 


■JA*  'A'y 

R 


For  a curved  mirror,  the  error  equals  - d-y'f.  For  a lens  the 
same  result  applies,  as  may  be  shown  by  adilitiR  up  the  effects  of  the 
two  sides.  For  pure  decent  rat  ion , the  thickness  of  the  lens  will  not 
affect  the  predicted  boresiRht  error. 
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m.llD  Ot’TU'AI.  SDRI  Al  l 


An  UKlivulual  optical  surface,  tilted  about  its  vertex  (the  iioint 
of  intersection  of  the  surface  with  the  axis)  will  have  the  same  effect 
as  a tilted  plane  surface.  I'he  angular  deflection  of  the  axis  can  be 
derived  with  Snell's  l.aw.  for  a mirror,  the  OPl)  is  instantly  determined 
by  knowing  the  angle  of  tilt  and  the  radius  of  the  axial  beam. 

For  a thin  lens,  no  deviation  of  the  axis  occurs  because  the 
principal  points  of  the  thin  lens  coincide  with  the  center.  The  two 
sides  thus  cancel  out  each  other's  deflection.  This  is  one  of  the 
advantages  of  breaking  down  a complex  lens  into  thin  lenses,  wedges, 
and  parallel  glass  slabs. 

It  is  perhaps  worth  mentioning  the  reason  a mirror  doesn't  act 
like  a thin  lens  in  this  regard  is  that  its  principal  points  coincide 
not  with  the  vertex,  but  with  the  center  of  curvature.  To  first  order, 
a tilted  mirror  is  equivalent  to  a decentcred  mirror.  At  the  first  order 
level,  all  mirrors  are  regarded  as  being  parabolic  so  that  whether 
the  mirror  is  spherical  or  aspheric  has  no  bearing  on  this  observation. 

.S.5..A  IMAGF.  Tll.T 


If  an  optical  surface  or  element  is  decentered  perpendicular 
to  the  axis,  the  image  plane  remains  parallel  to  the  object  plane, 
with  a boresight  error  that  can  be  calculated  by  techniques  described 
in  this  report.  However,  if  a surface  or  element  is  tilted,  the  image 
plane  also  tilts.  F.ven  if  it  has  no  effect  on  focus  or  boresight, 
this  tilt  can  cause  a deterioration  of  instrument  performance  by 
causing  the  off-axis  field  to  defocus. 


We  know  of  only  one  clearcut  treatment  of  first  order  image  tilt 
(Buchroeder,  1976)  and  present  the  general  result  without  proof.  We 
consider  the  case  of  a system  with  a finite  focal  point;  for  telescopic 
systems,  the  eyepiece  can  be  separated  from  the  objective,  and  angular 
divergence  subsequently  calculated. 


- 1 yyj  ♦/. 


where  Uj  and  uj^  are  the  entrance  and  exit  numerical  apertures, 

4i  is  the  surface  or  clement  power,  B is  the  tilt  of  the  surface  or 
clement;  and  and  are  the  tilts  of  the  object  and  image  planes 

respectively.  Note  that  if  the  input  light  is  collimated,  a tilt  of 
the  object  has  no  effect  on  image  tilt.  A practical  application  of 
this  equation  is  the  Scheimpflug  Effect,  in  which,  for  a single  thin 
lens,  the  extensions  of  the  lens  diameter,  the  object  plane,  and  the 
image  plane  must  all  intersect  in  a common  line.  The  advantage  of  the 
formula  is  apparent  for  more  complicated  combinations  of  tilted  and 
decentered  elements. 


While  a tilted  focal  plane  is  of  little  significance  in  many 
instruments,  it  is  likely  to  be  of  surprising  concern  in  image  stabili- 
zation devices. 


[ 


i 

1 
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5.6  DIFFRACTION  CRATINCS 

Holographic  and  conventionally  produced  gratings  find  use 
in  an  increasing  number  of  modern  optical  systems,  particularly  those 
using  lasers.  Gratings  can  be  used  as  beamsplitters  or  act  directly 
in  the  imaging  process.  Their  effectiveness  is  affected  by  thermal 
distortions. 

It  is  beyond  the  scope  of  this  investigation  to  consider  holo- 
graphic optical  elements.  Suffice  it  to  say  the  change  in  quality  of 
the  element  is  directly  related  to  the  errors  introduced  into  the  fringe 
or  ruling  spacings.  This  effect  is  easily  calculated  for  a plane 
grating  used  in  collimated  light.  For  normal  incidence,  the  equation 
for  a linear  grating  is. 


n • A = d sin  9 


differentiation  and  rearranging  terms  shows  that  the  angular 
error  is. 


d = n*A*sec  e*“*AT 
d 

As  an  example,  a 20  line/mm  grating  on  aluminum  with  10  micrometer 
radiation  will  experience  a 1 arc-second  error  for  approximately  each 
degree  centrigrade  of  temperature  change.  One  solution  to  this  problem 
depends  on  maintaining  fringe  spacing  despite  temperature  change. 

This  poses  problems,  especially  for  high  power  laser  applications  where 
aluminum  and  copper  mirrors  are  necessary. 

3.7  SURFACE  POWER  ATHERMALIZATION 

For  the  single  reflecting  surface  case,  only  a zero  expansion 
material  provides  freedom  from  defocus  when  temperature  changes. 

For  a lens,  the  refractive  index  change  can  offset  the  change  in 
surface  curvature.  Most  optical  galsses  have  a tendency  to  be  self- 
balancing, and  many  are  very  close  to  being  self-cancelling  at  one 
wavelength. 

The  requirement  for  stablity  is  obtained  by  differentiating  the 
expression  for  surface  power. 


power  = 


N-N' , 
R 


usually 


N-1 

-IT 


d({) 

dT  ^ 


0 


(n-1) 


dT 


a 


This  is  termed  the  thermal  nu  value  of  the  glass,  and  if  zero, 
the  surface  power  is  self-stabilized.  Many  optical  glasses  have  negative 
as  well  as  positive  nus,  so  it  is  easy  to  design  complex  lenses 
athermalized  for  focus  provided  the  temperature  is  homogeneous. 
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No  lens  is  pert'ectl)  ttun, 
therefore  its  thickness  chanjje 
has  an  effect.  With  the  aul  of 
Fij;.  1 it  can  be  shown  the 
conditioti  to  atherma  1 i ;e 
thickness  effects  on  focus  and 
phase  is: 

dN 

0 = JX  + a 

Therefore,  when  the  effects  of 
surface  power  are  minimized, 
the  effects  of  thickness  are 
enhanced.  In  general,  the 
effects  of  surface  power  are 
much  more  important . 

.T.9  I INI  AR  RADIAI  (;RAl)Ii:.\r 

■Analysis  of  thermal  gradients  is  virtually  impossible  unless  we 
treat  the  optical  clement  as  being  mechanically  unrestrained.  In  practice, 
this  is  a reasonable  approximation.  Optical  workers  know  that  excessive 
tightening  of  lens  retainers  can  easily  cause  astigmatism  in  the  image. 

We  arc  aware  of  no  deliberate  situation  in  which  a designer  has  called 
out  a 'press  fit'  on  a lens  to  cell  clearance,  and  for  large  lenses,  it 
is  customary  to  have  a springy  side  restraint  to  allow  for  expansion 
and  contraction  of  the  lens  cell.  For  large  mirrors,  elaborate  floata- 
tion systems  are  constructed,  eliminating,  insofar  as  possible,  friction 
and  other  restraint  on  the  mirror. 

Small  elements  such  as  prisms  are  held  down  with  metal  clamps; 
this  occurs  most  commonly  on  low-resolution  systems  such  as  binoculars. 

The  technique  could  be  questionable  for  precision  optics.  Another 
practice  that  requires  deliberation  is  the  potting  of  elements.  If 
the  compound,  usually  RTV  Silicone  Rubber,  is  sufficiently  compliant, 
little  harm  results  if  the  potting  is  used  for  lateral  restraint. 

Bonding  to  flat  plates  is  more  difficult  and  relies  on  the  rigidity  of 
the  optical  element  to  avoid  distortion.  The  sensitivit)-  of  bonding 
stress  can  be  appreciated  by  considering  cemented  doublet  lenses  only 
an  inch  or  less  in  diameter.  It  has  been  found  that  if  the  mating  curves 
mismatch  in  depth  by  more  than  0.0001 -inch,  the  shrinkage  of  a 
.001-inch  cement  layer  can  cause  such  \/arpage  as  to  be  visible  in  the 
transmitted  image.  It  is  good  practice  to  match  cemented  faces  to 
within  two  wavelengths  of  light. 

Another  approximation  that  proves  reasonably  accurate  is  treating 
lenses  and  mirrors  as  though  they  were  plane  parallel  disks.  This 
is  fortunate,  as  arguments  necessary  to  exactly  deal  with  curves  involve 
elaborate  mathematics  and  the  solutions  arc  best  handled  with  numerical 
methods . 


Fig.  1.1.  Uniform  temperature 
change  causes  length 
to  change. 
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GivcMi  these  approximations, 
we  are  ready  to  consider  how  a 
disk  will  distort  under  a radial 
gradient,  which  for  the  moment 
we  will  assume  linear  from  center 
to  edge.  Consider  l-'ig.  14.  The 
first  opinion  we  could  venture 
is  that  since  the  gradient  is 
linear,  perhaps  the  disk  simply 
tapers  uniformly  from  center  to 
edge.  But  this  is  physically 
i.mpossible,  for  there  cannot 
be  a discontinuity,  or  kink,  at 
the  center.  We  took  a linear 
gradient  to  show  the  danger  of 
intuitive  thinking.  The  actual 
answer,  regardless  of  whether 
the  gradient  is  linear  or  not, 
is  that  the  curvature  on  the 
faces  must  be  given  by  a power 
series  of  even  powered  terms, 
the  first  term  being  derived 
by  simple  analysis. 

t 2 

Deformation  = ^ "^AT  p 
OPD  = (N'-N)  1 « at  p“ 


Fig.  14.  Derivation  of  the 
effect  of  a radial 
thermal  gradient. 


For  a lens  surface,  the  OPD  is  approximately 


3.10  I.INI-AR  AXIAL  CKADIliNT 

The  same  kind  of  reasoning 
is  applied  to  an  axial  gradient, 
shown  in  Fig.  15.  The  disk 
becomes  a meniscus  lens,  the 
derivation  being  as  follows. 


d'  - d = d“  AT 
R'  = R + t 
d ^ 

R " R' 


Fig.  15.  Proper  derivation 
of  the  effect  of 
an  axial  thermal 
gradient . 


For  a mirror. 
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l ig.  1(>  iiulicatos  ttiis  caso 
is  the  linear  axial  (jrailient 
turned  sideways.  The  optical 
faces  remain  flat  but  become 
wedded.  The  included  an^le 
is  the  thickness  of  the  disk 
divided  by  the  radius  of  *•*'' 

curvature  caused  by  the 
gradient . 

To  assure  boresight  is 
not  affected  by  a transverse 
gradient,  it  is  necessary  for 
the  refractive  index  of  the 
glass  to  decrease  if  the 
material  expands  with  an 
increase  in  temperature. 

This  is  unusual  for  optical 
glass,  but  typical  of  plastic, 
suggesting  an  unexplored 
advantage  to  plastic. 


N.ivr front  in 
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Transverse  thermal 
gradient  leads  to 
prismatic  effect. 


OPI)  theory  can  be  applitxl  to  formalize  the  relationship  insuring 
boresight  accuracy  in  the  presence  of  a transverse  gradient.  The  same 
result  applies  to  radial  thermal  gradients. 


to  {Nq  + 1*“*AT)  = t^  (1  + “'ATUNq  + ^-AT) 
M 

^ ♦ « = 0 
N-1 


The  expression  to  the  left  of  the  'eqvuils'  sign  is  designated  by 
the  greek  letter  Tiamma,  and  is  positive  for  nearly  all  optic.al  glass. 
In  the  case  of  lenses  athermalized  for  radial  gradients,  Kohler  and 
Strahle  have  shown  it  is  impossible  to  achieve  the  desired  result 
unless  one  of  the  glasses  has  a negative  value  for  gamma,  or  unless 
both  galsses  have  a zero  value.  The  possibility  of  using  plastic  to 
provide  a compensating  material  has  not  been  investigated  but  would 
appear  feasible.  It  is  apparent  that  compensating  a lens  for  radial 
gradients  is  likely  to  insure  great  sensitivity  to  simple  defocus 
caused  by  homogenous  thermal  changes.  Consequent ly , it  is  necessary 
to  contemplate  using  special  cell  design  to  offset  this  latter  effect 

3.1J  THIN  PRISM  (WHDCP.) 


The  analysis  of  prisms  is  simplified  by  separating  them  into 
thin  fictions  wedges  plus  an  encapsulated  plane  parallel  plate  of 
glass.  The  plate  is  termed  an  orthoscopic  unit  magnification  telescopic 
device,  while  the  thin  prisms  are  affine  telescopic  devices.  When  exact 
rays  enter  and  leave  the  prism  symmetrically,  we  have  a condition 
termed  minimum  deviation,  and  the  anamorphic  magnification  of  the  two 
prismatic  segments  is  self  cancelling. 
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lo  till'  first  approximation, 
the  tilt  of  a prism  has  no 
effect  on  bores ij>ht  error,  so 
we  may  set  up  the  prism  as  shown 
in  fig.  17,  which  permits  us 
to  easily  calculate  the  Ol’O 
of  a thin  jirism.  The  same 
result  can  be  obtaineil  by 
doubly  applying  the  paraxial 
form  of  Snell's  l.aw  for  any 
other  tilt  of  the  thin  jirism. 

Orn  = (N-n-“*y 

The  aberrated  wavefront  is  taken  to  remain  centered  on  the  extension 
of  the  original  ingoing  axis  by  our  freedom  to  select  the  reference 
sphere.  Note  that  if  we  were  analyzing  an  iinsymmetrica 1 optical  system, 
our  reference  sphere  might  in  fact  be  perpendicular  to  the  outgoing, 
refracted  ray.  Relative  to  this  axis,  the  aberrated  wavefront  would 
no  longer  be  considered  aberrated.  An  additional  point  is  that  the 
first  order  effects  of  disturbing  the  elements  of  an  unsymmetrical 
optical  system,  such  as  a tilted  component  telescope,  are  virtually 
the  same  as  obtained  by  eliminating  the  tilts  and  decentrat ions  of 
the  parent  layout  and  analyzing  it  as  a centered  optical  system, so 
uns>’mmet  r ical  systems  can  be  toleraced  for  boresight  and  focus  using 
very  simple  techniques. 

.^.1.^  Tll.Tlil)  PLANT  SlIRrACl- 

A tilted  plane  surface 
generates  boresight  error, 
but  to  the  first  approximation 
no  change  in  focus.  As 
suggested  in  Fig.  18,  we 
interpret  the  .aberrated  wavefront  as 
remaining  centered  on  the  extension 
of  the  ingoing  axis  rather  than 
on  the  refracted  axis.  This 
applies  to  reflective  surfaces  as 
well.  In  actuality,  the  w.ive- 
front  is  centered  on  the  re- 
fracted axis,  but  since  it  is  Fig.  18.  OPb  generated  by  a 

just  as  permissable  to  decenter  tilted  plane  surface, 

a reference  sphere  as  it  is  to 
shift  it  axially,  there  is  no 
first  order  consequence  except 

to  incompletely  fill  our  presumed  system  exit  pupil.  This  does  not 
affect  first  order  calculation  of  boresight  error. 

The  equation  for  OPI)  generated  by  a tilted  pl.ine  surface  is 
almost  obvious  by  inspection, 

OPI)  = AN'8*y 

so  for  a reflective  surface,  OPP  = 2'8'y 


I'ig.  17.  OPI)  generated  by 

a thin  prism  or  wedge. 
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3.14  PUNE-PARALLUL  GIJVSS  PUTE:  DEFOCUS 

A glass  plate  always  retards  phase,  regardless  of  the  state 
of  colimation  of  a beam,  which  can  be  a problem  with  certain  inter- 
ferometers. If  the  beam  is  not  collimated,  the  plate  always  intro- 
duced negative  OPD  corresponding  to  positive  longitudinal  defocus. 
Reference  to  Fig.  19 
explains  the  sign  convention. 

Defocus  can  be  derived  from 
the  definition  of  refractive 
index.  Light  travels  fastest 

in  a vacuum,  but  glass  is  " 

usually  referenced  to  the  /* 

speed  of  light  in  air.  The 
refractive  index  is  the  ratio 
of  these  velocities  and  is 

always  greater  than  one.  The  I 

refractive  index  of  air  is  \ ^ I I 

about  1.0003,  important  in  \ ^ ^ 

some  cases.  The  focal  shift  ^ * d*focui 

caused  by  the  plate  is  the  1^  . -A 

difference  in  velocity,  with 
and  without  the  plate, 
multiplied  by  the  time 
light  would  have  taken  to 

span  the  distance  in  a Fig.  19.  Defocussing  caused  by 

vacuum,  t/c.  disk  of  glass. 


U — I — 


Fig.  19. 


Defocussing  caused  by 
disk  of  glass. 


Defocus  = LJL 


Since  defocussing  can  be  converted  to  OPD  by  the  previously 
derived  expression  OPD  = -defocus/ (8  f/#^),  we  obtain: 


OPD  = —H o 

8 ( f#)^ 
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3.15  I’LANr.-PARALl.lil.  CLASS  I'LATL:  BORIiSICHT 


lilting  a plate  in  a 
non-eol 1 imated  beam  causes  a 
boresi>>ht  error,  but  not 
fi rst -order  defocuss i n^ . 
Referring  to  I'ig.  20,  we 
derive  this  boresight  error. 
Note  as  always,  we  retain 
our  reference  sphere  on  the 
continuation  of  the  original 
a.\  i s . 


OPO  = - -y 

s 


Fig.  20.  Boresight  error  caused 
by  tilted  disk  of  glass. 


where  s is  the  separation  between  the  object 
point  .and  the  reference  sphere 

let  u'  = y , marginal  ray  angle  of  the  beam 
s 

then  OPO  = "u' 

N 

or  OPO  = ( N- 1 j • 0 • t • u 

where  u is  now  measured  inside  the  glass. 

In  terms  of  the  local  f/#,  we  also  have. 


OPl) 


(N-n  -O-t 

2-N*  (f/#)' 
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5.l(.  CimOMVrii:  ABtiRRAilON 

The  power  of  a leas  ean  be  written  in  wave  form,  using  a plane 
reference  surface. 

Power  OPll  = y‘'/2f 

The  chromatic  aberration  of  a lens  is  defined  with  the  quantity 
V,  known  as  the  Abbe  Number  or  reciprocal  dispersive  power.  The 
chromatic  aberration  is  the  power  OPt)  divided  by  the  Abbe  Number. 

2 

Chromatic  aberration  OPD  = y /2fV 

For  a lens  to  be  achromatic,  the  sum  of  chromatic  aberration 
contributions  must  total  approximately  zero.  For  a thin  achromatic 
doublet,  we  see  that. 


For  chromatic  stability,  this  should  remain  reasonably  valid 
over  a range  of  temperature.  J.  W.  Perry  (194.^)  calculated  the 
temperature  dependence  of  chromatic  aberration  for  some  simple  lenses 
over  a 50°C  range  and  found  good  stability.  An  examination  of  Fig.  .^0 
for  BK7  glass  indicates  this  material,  at  least,  will  be  quite  stable 
in  regard  to  chromatic  OPD.  On  the  whole,  glasses  have  the  proper 
tendency  to  allow  chromatic  correction  over  a range  of  temperature. 
Whether  there  are  penalties  associated  with  picking  matched  glasses 
remains  to  be  determined. 

Differentiation  of  the  equation  leads  to  an  intractible  analytical 
statement  of  the  detailed  requirements.  The  problem  is  probably 
better  handled  by  generating  more  combinations  of  the  available  glass 
data  to  facilitate  predesign  layout  of  chromatically  athermal  lenses. 

3.  1?  "DECENTERF.D"  SPHERICAL  ABERRATION 

The  ultimate  precision  attainable  with  a boresighting  instnunent, 
apart  from  its  mechanical  refinements,  is  one  or  more  orders  of  magni- 
tude finer  than  what  we  would  imagine  from  calculating  its  diffraction- 
limited  resolution.  Boresighting  is  a null  technique  and  involves 
determining  the  "photometric"  center  of  a presumably  symmetric  point 
image.  Naturally,  there  are  many  ways  in  which  this  symmmetry  may  be 
disturbed.  Some  are  blatant;  for  example,  failure  to  illuminate  the 
entire  aperture  of  the  instrument.  Others  are  more  insidious,  an 
example  being  the  use  of  an  off-axis  paraboloid  to  test  different 
sensors.  The  paraboloid  might  be  perfect  enough  to  insure  resolution 
requirements  are  met,  yet  by  departing  from  the  optical  axis,  an  effect 
known  as  the  Offense  Against  the  Sine  Condition  will  cause  a defect  in 
the  illumination  of  the  sensor.  Furthermore,  slight  zonal  spherical 
aberration  in  the  mirror  can  generate  additional  boresight  error. 

The  manner  in  which  low  order  aberration,  such  as  focus  and 
boresight,  can  derive  from  higher  aberrations  is  usually  of  little 
interest  in  ordinary  situations,  but  for  precision  boresighting  and 
focussing,  it  merits  consideration.  We  consider  an  optical  element 
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which  has  spherical  aberration  and  is  located  at  the  aperture  stop  of 
the  instrument.  The  corrector  plate  of  a Schmidt  telescope  is  an 
example.  If  it  is  perfectly  aligned  and  the  aperture  fully  illuminated, 
the  telescope  will  show  a perfectly  symmetrical  point  spread  function. 
Even  if  the  corrector  is  imperfectly  cancelling  spherical  aberration, 
the  point  spread  function  will  maintain  symmetry  for  such  is  the 
nature  of  spherical  aberration.  Now,  suppose  the  corrector  is  decen- 
tered  a slight  amount.  The  new  aberration  appearing  on  the  optical 
axis  will  equal  the  difference  between  the  spherical  aberration  W 
centered  on  axis  and  that  displaced  a small  distance, A.  1 he  apparent 
aberration  generated  on  axis  can  be  described  by  the  series, 

W = W ( 4p^A’  + 6p^A'2  + 4pA’^  + A'‘^  ) 

where  p is  the  normalized  radius  of  the  pupil, 

and  A'  = ^ , D being  the  diameter  of  the  pupil. 


The  first  term  in  parentheses  is  coma,  leading  to  a lopsided 
point  image.  The  second  term  describes  astigmatism,  effecting  a focus 
shift.  The  third  term  is  distortion,  which  for  our  purpose  is  in- 
distinguishable from  boresight  error.  The  last  term  is  a phase  error, 
usually  unimportant. 

Any  misalignment  of  an  optical  element  tends  to  introduce  first 
and  higher  order  wave  aberration.  If  the  element  has  sensibly  zero 
power,  as  with  the  Schmidt  corrector,  the  effect  is  almost  entirely 
due  to  sheared  spherical  aberration.  In  most  optical  systems,  element 
misalignment  has  a far  more  profound  effect  directly  on  first  order 
boresight  and  focus,  and  restraining  the  first  order  error  will 
generally  insure  that  terms  arising  from  the  higher  order  aberration 
are  negligible. 


S.IS  RAYTR/U:h  TLST  OR  THliOR^ 
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A rctat ional ly  symmetric, 
mock  optical  design  was  laid 
out  to  test  our  methods.  The 
design  is  mathematically  valid, 
but  physically  unrealizable 
owing  to  extreme  obstructions 
of  the  light  path  caused  by 
several  mirror  elements.  The 
design  is  suggested  by  Fig.  21, 
in  which  we  have  decentered 
elements  to  make  the  light 
path  clearer.  Table  1 is  an 
exact  specification  of  the 
nominal  layout,  in  millimeters. 

No  effort  was  made  to  correct  the 
fourth  and  higher  order  aber- 
rations of  the  design.  It  shows 
significant  spherical  aberration, 
and  when  elements  are  tilted, 
astigmatism  is  obtained  on  the 
reference  axis.  However,  as 
expected,  the  higher  aberrations 
are  much  weaker  than  first  order 
defocussing  and  boresight  which 
we  want  to  test  with  our  design. 


Fig.  21.  Conceptual  layout  and 
surface  numbering  of 
design  used  to  test 
OPD  theory. 


Each  power  surface  was  individually  tilted  and  decentered  by  0.1 
degree  and  1.0mm  respectively,  raytraced,  reset  to  zero,  and  the  process 
continued  from  the  first  element  to  the  last.  The  tilted  and  decen- 
tered array  was  raytraced  with  a central  ray,  whose  angular  orientation  and 
decentration  relative  to  the  nominal  centerpoint  at  the  focal  plane 
was  exactly  determined.  We  also  examined  the  astigmatism  at  the  center- 
point  to  be  aware  of  its  possible  influence  on  our  test. 

Each  radius  of  curvature  was  changed  by  about  25-50  waves,  the 
disturbed  design  raytraced  and  the  focus  found  by  using  a paraxial 
height  solve  set  to  zero.  The  shift  from  the  nominal  back  focal 
distance  was  thus  determined.  The  disturbed  radius  was  set  back  to 
nominal  and  the  process  repeated  one  surface  after  another  to  the  end. 

The  refractive  index  of  the  plate  and  the  two  lenses  was  changed 
by  0.1,  approximately  100  times  the  typical  refractive  index  error 
we  would  encounter  with  optical  glass.  The  plate  was  tilted  and  by 
raytrace,  the  boresight  error  was  found  at  the  final  focal  surface. 


i 
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lach  thickiH'SS  w.is 
v'hany;i'd  by  Imni  and  the 
same  proeedure  was  followed. 
The  eomputer  analysis  re- 
sulted in  .ipproximately 
2S0  pa^es  of  output  which 
was  checked  for  keypunch 
errors  and  reasonability 
of  the  analyses.  The 
predicted  wave  aberration, 
usinjj  paraxial  raytrace 
values  for  the  y-heights, 
were  convertevl  into  trans- 
verse bores ight  error  .ind 
longitudinal  defocus  at 
the  final  focal  plane. 

These  predicted  errors 
were  compared  with  ray- 
traced  errors. 

Bores ight  was  found 
to  bo  more  accurately  pre- 
dicted, with  an  agreement, 
for  this  design,  of  alvout 
ll  with  100(1  waves  of 
predicted  OlMl.  For  radius, 
thickness,  refractive  index, 
and  airspace  errors,  the 
accuracy  was  poorer;  about 
2o  for  predicted  defocus 
on  the  order  of  .SO- 100  waves. 
Part  of  this  inaccuracy  can 
be  attributed  to  the  fact  that 
a defect  in  the  parameter 
changes  the  first  order 
focal  length  and  numerical 
aperture  of  the  optical 
system,  so  our  conversion 
factors  should  probably 
be  scaled  to  reflect  this 
change.  We  did  not  invoke 
this  correction  factor. 

The  relative  accuracy 
of  first  order  prediction 
as  determined  from  exact 
ray tracing,  will  depeml 
considerably  on  the  details 
of  the  optical  design  being 
studied.  Very  large  bore- 
sight  errors  will  induce 
central  coma  and  central 
astigmatism  that  add  higher 
order  terms  to  the  computed 
value,  while  changes  in  the 
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Table  1.  Specification  of 

optical  design  used 
to  test  dPO  theory. 
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nominal  radii,  thicknesses,  airspaces  and  refractive  indices  may 
cause  spherical  aberration  to  shift  the  plane  of  best  focus  from 
the  paraxial  focal  plane. 


I.  onioM.  ftvriRiAi.s 


».l  PISCIISSION 

A wulo  variety  of  materials  can  be  useJ  to  refract,  reflect, 
disperse,  filter,  aiul  polarize  li^ht.  This  section  offers  selection 
of  materials  which  are  widely  used  for  refraction  and  reflection  of 
visible  1 lyjht . 

All  thinjjs  beinj;  eipia  1 , a preferred  material  will  be  ilurable, 
isotropic,  and  comparatively  inexpensive.  However,  lacking  alternatives 
the  designer  takes  what  he  can  net.  I'or  the  infrared,  this  occasionally 
results  iti  usinn  water  soluable  crystals,  whose  (lermanence  relies  on 
maintaininn  >•  controlled  thermal  and  atmospheric  environment. 

There  is  a continuinn  development  of  al 1 -reflect ive  systems 
which  avoid  the  complications  of  absorption  and  thermal  distortion. 

We  feel  that  this  will  have  an  important  bear  inn  on  the  development 
of  improved  thermal  resistance  in  precision  instrumentation. 

4.2  niFi.i'.aRu:  l•ll.'^R.s 

Interference  films,  for  filters,  ant i ref lect ion , or  enhanced 
reflectivity,  consist  of  dielectric  layers  of  materials  whose  re- 
fractive indices  alternate.  l;ach  layer  has  its  own  coefficient  of 
expansion  and  variation  of  refractive  index  with  temperature.  Some 
instruments  use  narrow,  high-efficiency  stacks  as  bandpass  filters, 
llxposed  to  excessive  temperature  change,  these  will  act  as  cutoff  fil- 


t-ig.  22.  Measured  v.iri.it  ion  Tig.  2.%.  Wavelength  'ihift 

of  .1  typic.il  filter  as  .i  function  of 

with  temper. ittire.  temperature. 


A moilorn  cat.ilog  is  ai-tually  a tochnical  compi'iul  i urn  of' 

virtually  ovcry  ^flass  property  likely  to  interest  the  average  lens 
<.lesi);ner  .iiul  meehanieal  engineer.  One  of  the  most  hij;hly  rejjanied 
eataloj;s  is  that  ot  the  Schott  Olass  tlompany,  aiul  I'ij;.  Jl  rejiroiiuce 
the  pafje  which  ilescrihes  horosilicate  ^lass  t>'pe  Rk" . I'ijiures  2S 
through  SO  detail  further  information  obtained  from  the  Schott 
catalog.  Additional  material  obt. lined  from  a published  report  will 
be  found  on  f-igs.  32 -.>4  in  Chapter  .S . 
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Fig.  25.  shows  that  as 
atmospheric  pressure  increases, 
refractive  index  coefficient 
also  increases.  Since  it  is 
customary  to  refer  the  refractive 
index  of  glass  to  the  air  in 
which  it  is  surrounded,  this 
plot  is  more  a representation 
of  the  apparent  rather  than 
the  absolute  variation  of 
refractive  index.  The 
properties  of  air  are 
definitely  far  more  sensi- 
tive than  those  of  glass. 


Variation  of  refractive 
index  thermal  coeffi- 
cient with  variation  of 
atmospheric  pressure. 


Fig.  26.  will  be  of 
interest  to  the  engineer  or 
designer  concerned  with 
thermal  gradients,  and  with 
the  time  glass  will  require 
to  reach  thermal  equilibrium 


wilh  eittefnety 


with  v«fy  high 
Of  ba'Hjm  civiieni 


Fig.  26.  Temperature  effect 

on  thermal  conductivity 


f-ig.  J?.  for  glass  type 
BK7,  shows  that  refractive  index 
changes  more  rapidly  with  tempera- 
ture for  the  shorter  wavelengths 
than  it  does  for  the  longer 
wavelengths.  Since  there  is  an 
overall  positive  slope  for  all 
curves,  there  is  no  inconsistency 
so  far  with  our  hope  that  Abbe 
number,  or  reciprocal  relative 
dispersion,  will  remain  reasonably 
constant  as  the  temperature 
changes . 
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Fig.  27.  Change  of  the 

refractive  index 
of  BK7 


Fig.  28.  shows  birefringence 
caused  in  representative  borosili- 
cate  crown  and  dense  flint  glass, 
the  solid  dots  for  BK  and  the 
open  dots  for  SF.  Behaving  like 
a crystal,  the  image  experiences 
polarization  and  deterioration 
of  the  wavefront.  Reitmayer  and 
Schro>*der  (1975)  have  discussed 
the  significance  of  this  situation. 
Stress  and  strain  can  be  caused 
by  thermal  gradients,  or  by 
failure  to  design  the  cell  properly 
for  the  range  of  temperature 
to  which  the  instrument  will  be 
subjected . 
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Fig.  28.  Change  of  refractive 

index  from  compression 
and  tension. 
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Fig.  29.  provides  additional 
information  on  the  wavelength  sensi- 
tivity of  refractive  index  change  for 
a variety  of  typical  glasses.  As 
explained  in  Chapter  3,  it  woulu  be 
preferrable  to  express  this  data  in 
the  form  of  an  Abbe  number  variation. 
An  observation  is  that  all  the 
glasses  in  this  figure  behave  in 
the  same  qualitative  fashion. 


«oo  soo  «0 

Wavlfigw  I (run) 


Fig.  29.  Temperature  coeffi- 
cient of  refractive 
index  of  some  optical 
glasses. 


Fig.  30.  provides  further 
insight  on  BK7,  the  most  commonly 
used  form  of  optical  glass.  The 
open  dots  pertain  to  refractive 
index  measured  with  respect  to 
air,  the  solid  dots  with  respect 
to  vacuum.  Note  that  the  coeffi- 
cients are  not  constant,  nor  is 
their  rate  of  change  linear.  This 
suggests  the  extreme  unlikeliness 
that  absolute  thermal  compensation 
will  be  possible. 


Fig.  30.  Relative  and  absolute 
temperature  coeffici- 
ents of  refractive  index 
as  functions  of  tem- 
perature (BK  7 glass)  . 


In  lablo  J wo  summarizo  tl\o  tlK'rmal  data  in  tlio  Soliott  catalog,  f 
and  calculate  absolute  and  relative  thermal  nu  values  which  are  ; 
useful  for  homogeneous  focus.  Aiklitional  data  is  being  taken  by  the  i 
Schott  company  aiul  the  designer  should  inquire  if  he  selects  a glass 

for  which  no  values  are  given.  The  Schott  coinjiany  has  been  erigaged  I 
in  the  development  of  expei' imenta 1 glasses  that  promise  to  be  of  , 
value  for  gradient  temperature  atherma 1 i zat ion . i 
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I Table  2.  Thermal  properties  of 

I Schott  (tptical  fdass 
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Plastic  is  still  tryiiij;  to  live  down  a bad  rej^utat  ion  ^iven  it 
by  early  workers  in  the  field.  Most  plastic  lenses  were,  and  some 
still  are,  produced  with  the  same  macliinery,  toolinj;,  and  time- 
]iressure-temperature  cycling;  used  to  jiroduce  ordinary  mechanical  i)arts. 
Obviously,  plastic  wilt  never  liave  the  intrinsic  stability  and  amen- 
ability to  surface  accuracy  as  optical  >;lass,  but  companies  such  as 
Kodak,  Polaroiil,  Bell  i,  Howell,  Consolidated  Optical  Industries,  and 
Mil  linn'itoer  in^  are  demonst  rat  iiijj  the  feasil^ility  plastic  lenses 
replacing  jjlass  in  many  tlifficult  applications.  Althoujih  manufacturers 
are  reluctant  to  certify  the  repeatability  i>f  optical  [iropertics  from 
batch  to  batch,  private  communications  indicate  that  in  fact  plastic 
is  al  really  produced  with  a hij;h  decree  of  repeatability  without  special 
attention.  Ibis  would  seem  lonioal  for  a siiiRle  constituent  compound 
such  as  acrylic,  but  is  more  dependent  on  quality  control  for  copolymers. 

I'he  advantages  of  plastic  are  its  low  cost,  lin''!  weight,  and 
its  ability  to  be  molded  to  finished  shape  and  surface  quality  for  a 
great  cost  advantage.  An  important  but  apparantly  unresearched 
technical  advantage  is  that  all  the  plastics  for  which  we  have  data 
show  negat i ve  Hamma  coefficients,  (inly  a few  glasses  have  negative 
values,  so  .itherma 1 i ;at ion  for  radial  gradients  should  be  easy  if  some 
plastic  is  deliberately  included  in  an  otherwise  all -glass  design. 

The  reader  is  warned  that  some  published  literature  gives  the  incorrect 
sign  for  refractive  inde.x  variation. 


Most  plastic  lenses  are  made  from  acrylic  and  polystyrene, 

.ilthough  Kodak  aiul  Polaroid  have  concocted  special  mi.xes  to  obtain 
particular  advantages.  Ihe  polycarbonates,  more  difficult  to  injection 
mold,  are  desir.ible  for  their  higher  softening  temperature.  Table  7i 
summ.irizes  such  d.ita  as  ;ire  commonly  available  on  plastics  u.^ed  in 
1 enses . 
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Any  transparent  substaiuo  is  potentially  useful  for  optieal 
purposes.  The  first  microscope,  constructed  almost  .^50  years  ago 
by  I.eeuwenhoek , used  a drop  of  water  as  its  lens.  Although  Holland 
is  credited  with  the  first  practical  achromat , exiieriments  with  dis- 
persive fluias,  in  lieu  of  flint  glass,  preceded  it.  Today, 
designers  find  fluids  useful  for  coui)ling  dissimilar  materials,  for 
conducting  the  heat  away  from  high  intensity  t'Rl’  faceplates,  for 
filtration,  for  image  stabilizers,  and  for  hybridization  with  in- 
jection molded  aspheric  plastic  shells  to  produce  low-cost  high 
aperture  projection  lenses. 

Any  fluid  used  for  optical  purposes  should  ideally  be  nonflammable 
and  nontoxic,  but  special  applications  warrant  special  risks.  Some 
of  the  fluids  for  optical  design  are  indicated  in  Table  4. 


n_iiui 

I!n 

!i> 

Voltmc 

Fitpanslon 

1 . Act tone 

1 .SS9 

S4 

1.487 

2.  Methyl  alcohol 

1.529 

61 

1 l^** 

S.  hentene 

1 .SOI 

50 

1.257 

4.  Carbon  dt»ulphivle 

1 .628 

18 

1.218 

S.  Cerhon  tetrachloride 

1.461 

48 

1.256 

b.  Ethyl  ether 

1 . .IS4 

S8 

1 .6S6 

7.  Glycerine 

1 .475 

61 

o.sos 

8.  Mercury 

... 

-- 

0.191 7S 

9.  OHve  oil 

1 .476 

ss 

0.721 

10.  retroleuai» 

density  ,A4t>7 

1 .S16 

.5.S 

0.9SS 

11.  Turpentine 

1 .472 

4T 

0.975 

12.  Mater 

1 . 555 

S6 

0.20' 

Table  4.  Selecteil  fluids  for 
optical  applications. 
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All  rotat ioiial ly  symmetric  reflective  optical  systems  have 
central  obstructions  that  reduce  transmission  and  expand  the  dif- 
fraction imane.  Asymmetrical  reflectors  exhibit  polarization  and 
jicnerally  have  slightly  imperfect  diffraction  point  spread  func- 
tions due  to  anamorphosis  and  aberration  of  the  exit  pupil.  Apart 
from  this,  most  desij>ners  would  approve  wholeheartedly  of  using  re- 
flective designs  in  lieu  of  refractors. 


Whenever  thermal  gradients 
are  anticipated,  zero  expansion 
materials  are  preferred,  liven 
(iliR-Vrr,  though,  in  not  perfect 
as  may  be  seen  in  Tig.  31.  As 
far  as  we  know,  there  is  no 
such  thing  as  a perfectly  stable 
material . 


Provided  absolute  thermal 
isotropy  can  be  assured,  easy 
athermal i zat ion  of  focus  and 
boresight  is  obtained  simply 
by  making  the  cell  structure  as  well 
as  the  mirrors  from  tlie  same  ma- 
terial. Although  the  focal 
length  will  change,  a temperature 
change  scales  the  entire  design 
and  the  image  remains  in  focus. 

Thus,  an  all-aluminum  telescope 
has  some  advantages  if  it  can  be 
shielded  from  the  sun.  High  con- 
ductivity alone  is  not  sufficient 
to  preclude  gradients,  only 
reduce  them. 


I'ig.  31  . Thermal  expansion  of 
CPR-VIT  compared  with 
ordinary  fused  silica. 


Table  5 compiles  data  on  some  of  the  more  widely  used  mirror 
substrate  materials.  For  special  purposes,  germanium  and  silicon 
are  useful  as  mirrors.  It  is  understood  that  the  substrate  is  usually 
given  a reflective  coating  of  some  metal. 
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0.008 
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2.S 
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0.004 

0.217 

0.0 

3.7 

0,008 

AUtminiim 

2.70 

0.9 

0.S3 

0.21S 

23,9 

2.  SO 

0.92 

Beryl  1 lum 

I .B.t 

2fl.O 

0.  .38 

0.4S 

12.4 

IS. 4 

0 48 

lirapht ! e/Fp<»*y 

1.72 

0.9 

0.12 

0.24 

0.03 
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0.29 

Table  S. 

Propert 

ics  of 

Select  Oil 

mi rror 

snbst  rate 

material s . 
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Optical  elements  must  be  supported  and  housed  with  ^reat 
precision,  and  this  is  accomplished  by  mechanical  design  which 
respects  thermal  influence  on  the  optical  design. 

I'he  arbitrary  choice  of  lero 
expansion  cell  materials  is 
naive  indeed,  if  not  excessively 
expensive.  I'he  materials  se- 
lected might  be  mainly  leased  on 
weight  considerations.  Most 
lenses  are  mounted  in  aluminum 
whether  this  be  good  for  them 
or  not.  The  elements  must  then 
be  spaced  with  materials  whose 
expansion  insures  that  the 
focal  point  remain  fixed  de- 
spite the  great  expansion  of 
aluminum.  We  find  consid- 
erable interest  in  high  ex- 
pansion materials  such  as 
plastic  and  fluid. 

There  is  an  infinite  variety 
of  materials  which  can  be  used 
in  instrument  design.  An  over- 
view of  available  materials  is 
given  in  Table  6.  Some  of  the 
more  interesting  materials  in- 
clude machineable  ceramics  and 
filled  resins.  Injection  molded 
plastic  parts  are  worthy  of 
consideration. 


Material 

1.  Situonc  rubber 

RIO 

2.  Rubber  and  el.isto«rr« 

700  4Hil 

1.  "plastics'*,  inxhkitiiy 
filled  and  reinforced 

300  0 

4.  7lnc,  alloys 

3S  10 

HagnrsiuB,  alloys 

;9  .*s 

6.  Aliiniiutai,  alloys 

24-W 

7.  Copper,  alloys 

21  l^ 

8.  Irons 

19  11 

9.  Stainless  steels 

19  10 

lU.  Steels 

IS  10 

1 1 . Nickel , al loys 

17-0 

W.  Rerylltua,  alloys 

16  11 

IS.  1itaniu«,  alloys 

11-7 

14.  r.lass 

IS  3 

IS.  CarK^n  8 graphite, 
roaposites 

8 1 

16.  Cerantes 

7-0 

17.  Mi>lybdenuai.  alloys 

6 S 

Id.  lunn^ten 

19.  Ultra  iowr  ripjnM<Mi 
tnoy\. 
Hiat  al  lanrogs 


lal'le  (1.  rherm.al  expansion  of 
selected  m.itei'ials 
use.ible  for  mech.inical 
e 1 emen  t s . 


5.  DESIGN  TECHNIQUES 


5.1  DISCUSSION 

The  purpose  of  this  section  is  to  discuss  some  of  the  known 
ways  to  athermalize  or  desensitize  an  optical  system.  We  deal  mainly 
with  homogeneous  temperature  change  since  this  is  the  only  area  that 
has  been  researched  in  depth.  The  case  of  thermal  gradients  in 
complex  systems  is  very  difficult  and  is  discussed  conceptually. 
Athermal ization  is  ripe  for  invention,  and  some  of  the  better  ideas 
are  based  on  scientific  logic  and  common  sense  rather  than  any  de- 
tailed understanding  of  optical  materials  and  elaborate  formulations. 
The  reader  should  consider  the  approaches  described  herein  only  in 
introduction  to  the  subject. 

5.2  ACHROMATIC  LENS 

This  topic  is  well  treated  by  Perry  (1943),  Grey  (1948),  and 
Kohler  and  Strahle  (1972).  To  summarize,  the  focal  length  of  an 
individual  thin  element  is  athermal i zed  for  homogeneous  changes  when 
is  thermal  nu  value  is  zero,  where  nu  is  defined  as: 

AN 


The  individual  element  is  unaffected  by  radial  gradients  if  instead 
its  Gamma  value  is  zero,  where  Gamma  is  defined  as: 


r = 


m 

AT 

(N-1)  ^ 


Note  that  the  two  requirements  are  mutually  exclusive  unless 
both  the  expansion  coefficient  and  the  refraction  coefficient  are  zero 
No  such  glass  is  known,  indeed,  materials  such  as  fused  quartz,  with  a 
very  low  expansion  coefficient,  seem  to  have  unusually  high  refractive 
index  coefficient. 
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I'i^s.  aJ  .iikI  t.ikon 
from  kohlor  aiul  Str.ihlo,  .no 
vahial'lo  for  piokin);  out 
attr.K'tivo  ^lass  ohoioos. 

Noto  thoro  aro  almost  no 
Xlassos  with  a :oro  or  noj;- 
ativo  fiamm.i . I’l.istio,  on 
tho  other  h.inJ,  .ihouiuls  in  lari;e 
noftative  (I.imm.is,  aiul  should  thus 
be  useful  in  desi>>nin>>  lenses 
insensitive  to  radial  jtradients 
if  combined  with  optical  Rlass. 

Tho  d e s i jjn  o f a n .1  c h roma  t i c 
doublet  is  amenable  to  simple 
analysis,  first,  the  pair  must 
satisfy  the  usual  requirements  on 
component  focal  length  versus 
Abbe  number: 

'■»  ■ ''"'a  - 

f|.  ■ 'I'h  - ''a'/''!, 

Second,  for  athermal i :at ion 
under  homogeneous  temperature 
change,  we  should  .ilso  satisf) 
the  condition. 


^a^’a  = S.^’b 
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temperature  .itherm.il  i:.it  ion 


fig.  34 . wa s de s i gned  f o r 
this  purjwse.  finally,  if  we 
want  our  doublet  to  show  radi.il 
gradient  i nsons 1 1 1 \ i t \ , we 
must  satisfy  the  condition. 


0 


=.  ^N-n 


t • r 


where  t is  the  element 
thickness.  As  with  .1  singlet, 
it  appears  impossible  to  make 
our  doublet  insensitive  to  both 
horaogeneotis  auvl  gradient 
temperatures . 
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Vpart  f'rom  tlu*  work  roportoii  tn 
kohl  or  aiul  Strahlo,  wo  ktu'w  of  no 
sorious  offort  hoinj;  paiil  to 
ohotoo  for  insons i t i V i t y to  raJial 
jtravlionts.  I'ho  Josinnor  will  al'<o 
romark  that  tho  ^lassos  thus  far 
i lull  oat  Oil  aro  tho  most  fra^ilo  in 
tho  ulass  catalog;,  prono  to  hroak 
with  linht  shook,  ovon  that  oaiisoil 
by  I'roparini;  tho  Ions  surfaoo  for 
ant  irofloot  ion  ooatinj;s.  Ko  havo 
alroaily  oxplainoil  that  jilastio 
ooiilii  ho  iisoil  to  oomponsato  tho 
railial  offoots  in  slass,  atul  wo 
sujtRost  that  to  ho  an  aroa  worthy 
of  i nvost  i j;at  ion . Ko  also  sii^j>ost 
tho  moohanioal  ilosiitnor  mij’ht 
ilosij;n  spaoors  rosju^nsivo  to 
thormal  (jrailionts  atul  thorohy 
ohviato  tho  nooil  for  oompl  loatoil 
jjlass.  In  offoot  wo  fool  tho 
solntion  to  tho  prohlom  of  railial 
thormal  j;railionts  has  a niimhor 
of  ohoii'os,  with  now  ilovolopmont s 
in  ulass  hoinf:  only  ono. 
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i'onoopt  ol  foons-iiMiiiH'iisatoil 
tolovision  sonsor. 
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rho  lo^u-  I'l'hiiui  this  lawuit  follows.  first,  the  lens  exists 
aiul  IS  used  iti  the  eurrent  Xii'  foree  television  Maverick  j>uidance 
unit.  The  operating;  system  requires  the  lens  remain  in  focus  with- 
out cockpit  feedback.  fhe  lens  replaced  an  older  version  with  half 
the  focal  length,  hut  as  no  additional  space  was  available  a tele- 
photo construction  was  required.  tolerance  analysis  showed  tele- 
photo lenses  .ire  more  sensitive  toward  focus  and  centration  sensitiv- 
ity than  a conventional  lens  of  the  same  focal  length.  Phis  led  to 
the  rejection  of  aluminum  .is  a cell  material  because  of  excessive 
differential  exp.insion  between  the  metal  and  the  lens  diameters,  and 
because  of  the  exaggerated  defocussing  caused  by  longitudinal  expansion 
of  the  aluminum.  .Steel  was  rejected  because  of  its  weight.  Titanium 
was  chosen  over  initial  protests  from  the  pricing  and  manufacturing 
departments.  IHiring  design,  it  was  established  that  a telephoto 
could  be  athermalized  in  either  of  two  ways,  first,  the  glass  for 
the  negative  group  could  be  chosen  for  an  extreme  rate  of  change, 
so  as  to  compensate  the  effects  of  expansion  in  the  forward  lens  group 
plus  the  combined  residual  effects  of  the  titanium  and  the  aluminum 
bulkhead.  The  effect  of  the  vidicon  shifting  in  its  potting  was 
experimentally  measured  and  included  in  the  computation.  Nffl-  analysis 
of  the  subsequent  design  showed  it  unsatisfactory  at  the  temperature 
extremes.  The  second  solution  was  to  use  a high  expansion  'pusher' 
spacer  as  shown  in  Fig.  .^5.  This  approach  is  somewhat  undesirable 
because  friction  can  cause  the  spacer  to  bind.  However,  MTF  analysis 
showed  good  performance  over  the  temperature  extremes,  and  so  this 
was  the  solution  used  for  the  lens.  It  is  worth  remarking  that  in 
the  end,  the  exact  length  of  the  plastic  spacer  was  determined  ex- 
perimentally, with  a variable  makeup  spacer  of  aluminum  to  obtain 
the  nominal  lens  position.  The  lens  has  been  in  large  scale  production 
for  several  years,  and  the  cost  of  the  titanium  cell,  a major  initial 
worry,  was  reduced  to  modest  proportions  by  quantity  production. 
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S.’^  MIRROR  FOl.l»S  FOR  STAB II. I TV 

The  cube  corner  reflector  is  an  interesting  device.  A light 
beam  incident  on  it  always  returns  in  the  same  direction  no  matter 
how  the  cube  corner  is  tilted.  A single  flat  mirror,  on  the  other 
h.ind,  will  reflect  light  at  twice  whatever  angle  the  mirror  is  tilted. 
Is  there  such  a thing  as  a "right  angle  cube  corner"?  We  don't  know. 
The  next  best  thing  is  .1  pair  of  mirrors  as  shown  in  Fig.  .30. 

For  a pair  of  inclined  flat  mirrors,  light  travelling  parallel  to 
the  meridional  plane  will  always  leave  at  the  same  angle  regardless 
of  the  angle  between  the  mirrors  and  regardless  of  the  angle  the 
pair  is  tilted.  I'he  mirror  system  is  therefore  insensitive  to  tilts 
in  one  plane.  The  pentaprism  is  eipiivalent  to  a pair  of  mirrors,  but 
h.is  the  disadvantage  that  it  is  temperature  sensitive  while  the  mirrors 
could  be  made  from  zero  expansion  material  and  mounted  on  a zero 
expansion  holder.  True,  the  mirror  pair  is  not  insensitive  to  tilts  in 
other  planes,  but  it  is  easier  to  design  an  instrument  when  not  all 
degrees  of  freedom  need  restraint. 

We  suggest  the  designer 
can  find  many  practical  applications 
for  the  double  mirror.  We  further 
suggest  it  is  prudent  to  avoid  the 
use  of  prisms  in  precision 
systems  because  of  the  impossibil- 
ity of  making  a prism  insensitive 
to  both  thermal  gradients  and 
homogeneous  t empe ra t u r e 
changes  at  the  same  time. 

Furthermore,  it  is  presently 
impr.ict  ical  for  the  average 
designer  to  model  the  effects 
of  thermal  gradients  affecting 
refractive  index  as  well  as 
surface  shape  with  light 
doubly  traversing  a pentaprism, 
much  less  some  of  the  more 
complicated  folding  and 
transfer  prisms  that  are  in  regular 
use . 
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Fig.  3o.  lechnique  for  maintaining 
parallelism  of  boresight 
axes . 
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5.4  optu:ai.  h;vi:r  compi.nsation 


A Ions  barrel  will  bend  when  exposed  more  heat  on  one  side 
than  the  other.  Likewise,  a barrel  will  bend  when  exposed  to 
chansing  g-forces,  vibration  and  so  forth.  The  optical  lever  method 
can  be  used  to  compensate  these  effects. 


Consider  Fig.  57,  where 
light  is  incident  or  exiting 
at  the  left.  Suppose  the  tube 
is  deflecting  with  a parabolic 
shape,  although  the  method 
applies  to  any  repeatable 
curve.  Light  passes  through 
the  center  of  the  negative  lens 
and  forms  a virtual  focus. 

This  is  relayed  by  a positive 
lens  to  the  final  focus.  If 
the  input  beam  is  sensibly 
collimated,  the  deflected 
lens  motion  is  self  compen- 
sated when  the  magnification  of 
the  positive  relay  equals  the 
deflection  of  the  negative  lens 
minus  the  deflection  of  the 
positive  lens,  divided  by  the 
deflection  of  the  positive  lens. 
This  establishes  the  focal 
lengths  of  the  objective  and 
the  relay. 


M • 1 


Other  opportunities  exist 
in  periscopes  and  systems  with 
transfer  optics.  One  can  also 
envision  schemes  using  the 
tilts  of  mirrors  raoiinted  on 
the  sides  of  the  barrel. 


Fig.  57.  Boresight  stabilization 
using  the  optical  lever 
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5.5  INIiRTIAl,  RfiFKRHNCE: 

An  extension  of  the  optical  lever  concept  is  the  inertially 
stabilized  optical  system.  Gravity  is  an  ideal  reference  for  quiet, 
nearly  stationary  instruments.  Gyroscopical ly  controlled  elements 
are  completely  applicable  but  noisy  and  require  a power  source.  This 
section  of  the  report  is  intended  to  provoke  thought  on  the  use  of 
moving  elements,  contrary  to  the  other  school  of  thought  which  seeks 
to  eliminate  element  motion  as  perfectly  as  possible. 

Fig.  .58.  is  the  protoform 
of  many  image  motion  compensa- 
tion schemes:  the  use  of  an 
inertially  fixed  or  otherwise 
controlled  mirror,  with  a tele 
scopic  attachment  to  create 
something  near  a 2:1  or  1:2 
magnification  to  counteract 
the  angle  doubling  that  occurs 
with  reflection.  The  mirror 
could  be  stabilized  with  a 
plumb  bob,  or  with  a gyro- 
scopic attachment.  It  is 
perhaps  worth  saying  that 
stabilizers  can  be  used 
forward  or  backward,  which 
is  an  aid  in  laying  out  new 
configurations. 
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Fig.  38.  Symmetrical  nature  of 
image  stabilizer. 


objective 


field  lens 


I'ig.  39.  shovvs  tho  u.so  of  a 
semi  - inert ial  reference  mirror  to 
compensate  for  vibrations  in  a 
hand-held  telescope  of  moderate 
power.  No  power  supply  is  re- 
quired, yet  a good  damping 
spectrum  is  obtained.  Many  IMC 
schemes  are  similar  to  this  one, 
but  use  a gyroscopic  connection 
to  the  IMC  mirror.  Since  mirrors 
double  the  angle  of  error,  mag- 
nification factors  near  two  arc 
typical.  Since  the  observer 
himself  may  be  in  motion,  a 
detailed  study  of  the  optimum 
magnification  is  required,  and 
the  reader  is  referred  to  a 
paper  by  R.  Gross  (1971)  for 
explanat ion . 


In  this  design,  we  used 
a fluid-filled  lens  to  obtain 

an  achromatic  relay;  the  fluid's  Fig-  39.  Fluid-filled  relay  image 

viscosity  is  selected  to  obtain  stabilizer  concept, 

proper  semi-inertial  response 
characteristics.  The  mirror 

is  lightly  restrained,  so  when  repointed,  the  restoring  forces  permit 
the  compensator  to  return  to  nominal  axial  alignment.  The  optical 
details  of  the  design,  especially  image  tilt  and  wobble  during  sta- 
bilization, are  interesting  but  beyond  the  scope  of  this  discussion. 
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Prismatic  compciisa  t ion  UmkIs  itsclC  to  in-line  layout  aiul 
greater  compactness.  .Since  the  refract  ivi'  elements  are  nominally 
centereil,  they  can  he  j;iven  curvature  aiul  serve  aiUlitional  use. 
This  is  not  practical  with  reflectors  hecause  oblique  incidence  on 
other  than  a plane  results  in  anamorphic  ahei'ration. 


While  a mirror  deflects 
at  double  its  tilt,  a low  inde.x 
prism  halves  the  an^le  of  tilt. 
The  idea  is  shown  in  l'ij>.  40, 
where  an  appropriate  fluid  is 
encased  between  two  windows. 

If  the  instrument  is  vibrated, 
one  of  the  windows  remains 
inertial  and  forms  a fluid 
prism.  I'wo  prisms  are  used. 

A design  of  this  sort  won  an 
Academy  Award  for  the  Oyna- 
Sc i ences  Company . 

Tor  those  that  a,e  re- 
luctant to  risk  the  i se  of 
fluid,  an  all-jtl;iss  equiva- 
lent is  shown  in  Tij>.  41. 


fluid  tvfrviclivi’  hkIpx 


gimtviUe^l  wiiKkvT. 


Tig.  40.  Image  motion  compensation 
using  fluid  filleil  prisms. 


The  designer  will  realize 
that  prism  can  be  generated  in 
more  compl  icateil  ways,  and  Tig.  42 
shows  one  in  which  only  a single 
element  need  be  moved.  However, 

I I'  there  be  good  reason,  and  such 
reasons  may  pertain  to  the  state 
of  aberration  correction,  a very 
large  number  of  elements  may  be 
ganged  for  best  system  perfor- 
mance. The  point  is  that  when- 
ever a lens  is  ilecentered,  a 
prismatic  effect  is  generated 
which  in  .addition  to  ch.inging 
bores ight  introduces  image 
aberr.ation.  This  aberr.it  ion  can 
be  compensated  by  decentering 
addition.al  o[)tical  elements. 


iKtninrtl 


Tig.  41.  Prism  ec|uiv.alent  using  lenses 
for  im.age  stabilization. 
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In  fact,  full  i-oi  rcct  ion 
ovt'r  the  fiokl  of'  view  van  he 
maintained  JurinR  stahi 1 i :at ion , 
hut  only  if  the  decentered  ele- 
mants  consitutc  the  ei|uivalent 
of  one  rotational ly  symmetrie 
optical  system,  while  the  static 
elements  constitute  another. 

To  achieve  this  mechanically, 
each  decentcred  )>roup  would  he 
sel fcorrected . This,  however, 
is  impractical,  leading  to 
excessive  size  and  weight. 

What  is  done  instead  is  that 
the  decentered  elements  must 
be  tilted  and  decentered  so 
that  relative  to  the  refracted 
axis  produced  by  themselves 
and  the  static  axis,  they  are 
optically  centered  on  a re- 
fracted axis.  This  may  be 
inconsistent  with  mechanical 
considerations,  so  that  appro\i- 
niations  are  accepted.  I he 
design  of  such  systems  requires 
a good  computer  code  for 
multiple  configuration,  or 
zoom,  elements. 


fig.  42.  Image  stabilization  based 
on  lens  d ec en t r a t i on . 
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r.ooin  ItMisi'S  are  placi'il  in  two  classes:  the  optically  compensated 
and  the  mechanically  compensated.  In  the  former  class,  j;roni)s  of 
elements  are  linked  to>;ether  .and  move  as  a whole.  In  the  latter,  i 

a smaller  number  of  j;roups  are  linked  hy  cam  or  computer  drive  and 
follow  separate,  nonlinearly  relateil  paths.  Most  wide  range  zooms 
are  of  the  mechanically  comjiensated  tyjie,  and  it  is  these  that  we 
will  discuss. 

The  mechanically  compensated  zoom  usually  consists  of  three 
parts:  a fixed  objective  group,  a zooming  relay  group,  and  a fixed 
hacking  relay  group.  I rrors  in  focus  are  obtained  when  any  parameter 
departs  from  nominal.  A maximum  of  two  thermal  compensator  spacers 
will  ]iermit  atherm.i  1 i zat  ion  of  focus.  If  no  hackinc,  group  is  used, 
only  one  spacer  is  reipiired.  The  problem  of  tolerancing  a zoom  for 
focus  is  essentially  no  different  than  tolerancing  an  ordinary  fixed 
focus  lens. 

file  problem  of  horesight  is  infinitely  more  compl  ic.it ed . Image 
runout  .arises  from  numerous  sources.  Two  dimensional  meandering  of 
the  image  is  due  to  not  separating  the  moving  groups  along  a jierfectly 
str.iight  line,  fine  dimensional  wander,  which  may  reverse  itself 
sever.!  1 times,  is  due  to  every  source  of  tilt  and  decent  rat  ion  in 
the  lens  and  its  mechanical  parts.  I'he  problem  is  aggravateil  hy  the 
reipiirement  a long  zoom  r.inge  he  packaged  as  compactly  .is  possible. 

This  m.ikes  the  powers  of  the  moving  elemiuits  stronger  than  the  overall 
lens  focal  length.  As  we've  shown,  sensitivity  to  de  t'ociiss  i ng  is 
proportion.il  to  lens  power.  Needless  to  say,  the  tolerances  needed 
to  minimize  horesight  error  .ire  extreme  and  can  lead  to  very  complex 
cell  di's  i gn  . 

It  IS  imposMhle  to  de.il  with  every  aspect  of  tlu'  jirohlem,  so 
we  sh.ill  illustrate  with  just  the  decent  rat  ion  iif  lens  gnnijis  m .1 
comparat  I \ el  v st  r.i  i ght  forwsiril  long  r.inge  zoom. 

The  cipuit  10ns  g('\erning  the  ral.it  ive  lens  motions  m .1  mechanically 
compens.'ited  'oom  .ire  given  heh'w,  the  significance  of  terms  being  shown 
1 11  Tig.  I .> . 


I'ii’st  orJiM'  oqiiat  ions  like  thosi'  are  allowal)le  in  layinj;  out  a 
zoom,  and  in  subsequent  earn  derivation,  because  to  the  first  appro.xi- 
matuMi,  evei’v  thick  i)ptical  svsii'iii  behaves  like  a thin  lens  provided 
measurements  are  taken  relative  to  the  principal  planes.  For  one 
design,  we  used  the  values  below. 

1 ^ m ^ 10 

k = 25  mm 

fj  = + 50  mm 

f,  = -50  mm 

Representative  solutions  to 
the  equations  arc  given  in 
Table  7.  It  is  customary 
in  designing  a zoom  to  pick 
three  focal  lengths:  the 
shortest,  the  longest,  and 
the  geometric  mean.  Final 
analysis  usually  allows 
two  additional  intermediate 
focal  lengths. 


M 

t 

1 

4* 

1 

2S.000 

50.000 

-50.000 

2 

SO. 000 

75.00 

-100.000 

S 

71.575 

75.286 

•119.859 

S.I62S 

74 . 569 

72.924 

-122.495 

4 

89.535 

71.178 

-154.715 

S 

102.812 

69.455 

-147.265 

6 

115.525 

68.065 

-158.590 

7 

126.576 

66.929 

-168.506 

S 

1.56.875 

65.682 

-177.855 

« 

146.418 

65.177 

-186.505 

10 

155.550 

64.4S5 

-194  8.54 

fable  7.  Representative  zoom  Separations 
relative  to  principal  planes. 
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I'ig.  41.  shows  tho  optics  at  three  representative  magnification., 
rhe  ilotted  lines  represent  a ray  perimeter  and  is  not  a raytrace.  We 
find  that  providing  a ray  perimeter,  which  shows  the  'stand  clear' 
region,  is  a better  way  to  communicate  with  the  cell  designer  than  to 
provide  convention.il  raytraces. 
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I'ig.  44.  Zoom  Imaging  Section  at  e.xtreme 
and  mean  magnifications. 


I'his  lens  is  .i  relay  for  a fixed  aperture  objective.  The  beam  of 
light  presented  to  the  relay  is  around  f/o  and  has  a central  obscuration, 
so  we  cannot  put  an  iris  in  our  relay. 

I.et  us  now  discuss  tolerances.  If  we  want  to  keep  a constant 
resolution  in  object  space,  we  would  specify  that  our  zoom  hold  a 
constant  OPP  error  over  its  range.  But  this  would  be  foolish  because 
then  we'd  magnify  the  image  without  increasing  resolution.  Thus,  our 
OPD  must  decrease  by  a 10:1  r.inge  during  zoom  in  oriler  to  maintain  a 
fixed  resolvable  cell  size  on  the  iletector.  We  may  also  assign  a 
boresight  tolerance  on  this  basis.  If  we  adjusted  the  lens  to  have  a 
fixed  output  f-number,  then  it  would  be  proper  to  tolerance  the  lens  on 
the  b.isis  of  fixed  OPO.  Most  conventional  zoom  lenses  have  a fixed  iris 
location  in  the  backing  relay  and  hold  a constant  f-number  so  long  as 
the  entrance  aperture  permits.  I’he  ultra-range  new  television  zooms, 
with  ranges  of  .'^0  or  even  U):!,  cannot  maint.ain  a fixed  f-number  over 
the  whole  range  because  tlie  objective  lens  would  become  prohibitively 
large  and  secomlary  chromatic  aberration  intolerable.  They  hold 
f-number  over  a range  of  shorter  focal  length,  then  reduce  speed  at 
the  longest  focal  lengths. 

We  c.'in  assign  mechanical  runout  tolerances  to  the  cells  of  both 
moving  groups  by  using  OPP  theory.  We  reipiire  a p.iraxial  marginal 
raytrace  at  a sampling  of  zoom  positions,  three  usually  being  sufficient. 
The  total  error  assigned  to  the  mechanical  parts  is  settled  with  an 
over.ill  error  budget  that  is  b.ised  on  the  practicalities  of  lens 


making  versus  metal  woiking.  In  theory,  if  the  lenses  are  adjustable 
in  their  cells,  nearly  the  whole  Inidjjct  can  be  assigned  to  the  mechanical 
mechanisms.  If  this  mechanism  is  adjustable  for  overall  centration 
and  tilt,  boresight  is  optimized  but  still  susceptablc  to  thermal  ex- 
pansion effects,  as  well  as  wear  and  friction. 

We  elected  to  hold  a fixed  cell  size  on  the  detector,  which 
meant  the  0P1>  should  reduce  with  magnification.  We  have  two  moving 
elements,  and  if  we  partition  the  error  equally  between  the  two, 
each  gets  root-two  of  the  budgeted  error.  We  need  the  paraxial  ray 
heights  and  the  group  focal  lengths  to  determine  the  decentrat ions 
corresponding  to  the  allowable  wave  error  at  each  zoom  position. 

The  results  of  our  thinking  are  summarized  in  Table  8. 


M«gnification»B 
Object  distance 


(■■) 

$0.00 

72.92 

64.48 

Group  separation 

(■•) 

2S.00 

74.57 

1SS.5$ 

y,  (-) 

4,17 

6. OB 

$.57 

yj  (■■) 

4.17 

5.25 

1.62 

Total  permissabte 
trror*  (waves) 

2.00 

0.65 

0.20 

Error  per  troup 
■ total/  »N 

1.40 

0.4$ 

0.14 

Peraissable 
runout  (radius) 
of  Group  I (na) 

0.010 

0.0022 

0 . 0008 

Peraissable  runout 
of  Group  1 1 (mm) 

0.010 

0.0041 

0.0026 

Table  8.  OPD  Tolerance  analysis  of  group 
decentrations  in  sample  design, 
{‘derives  from  goal  of  .()14mm 
image  runout) 


Let's  consider  the  tolerances  before  we  hand  them  over  to  the 
mechanical  designer.  We  see  that  Group  1 reaches  a runout  tolerance 
of  only  .0008  mm,  one  wavelength  of  light.  We  know  that  tolerances 
of  even  .01mm  arc  severe,  particularly  with  moving  parts.  In  point 
of  fact,  we  had  no  illusion  of  meeting  these  tolerances.  The  customer 
was  told  before  the  design  was  initiated  that  a boresight  runout  of 
2^  of  the  frame  size  would  constitute  the  best  we  could  achieve  in 
practice.  Greater  precision  would  come  at  a prohibitive  price  and 
one  might  as  well  reconcile  himself  to  the  need  for  feedback  loops 
in  precision  boresight  zoom  systems. 
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6.  CONCLUSIONS  AND  RKCOMMI^NDATIONS 


6.1  CONCLUSIONS 


We  hope  we  have  helped  make  the  reader  feel  more  at  ease  with 
wave  theory  as  applied  to  boresight  and  focus.  We  hope  he  agrees  with 
us  that  this  approach  offers  some  clear  insights  on  the  source  of  the 
problem.  If  the  reader  wants  to  continue  his  study  of  wave  theory, 
the  text  by  Hopkins  (1950)  is  recommended. 

As  we've  shown  in  this  report,  it  is  not  difficult  to  relate 
parameter  error  to  boresight  and  focus  error.  The  wave  theory  lends 
itself  readily  to  being  programmed  for  computer.  We  have  made  little 
about  the  fact  that  boresight  and  focus  are  vectorial;  this  is  implicit 
in  the  fact  that  the  errors  of  one  component  can  be  cancelled  by  those 
of  another.  We  have  also  said  little  about  statistics,  which  do  apply 
in  the  limit.  The  answer  to  the  random  walk  problem  is  the  same  for 
vectors  as  it  is  for  scalers,  if  the  number  of  variables  is  great 
enough. 

We've  assembled  a great  deal  of  general  material  that  should  be 
of  use  in  preliminary  layout,  but  we  warn  that  much  of  the  data  is  of 
questionable  accuracy.  Some  of  the  materials  are  exceedingly  nonlinear, 
particularly  plastics  and  fluids.  The  data  supplied  is  intended  for 
use  only  in  the  initial  stage  of  design,  with  the  manufacturers  to 
be  consulted  prior  to  optimization. 

The  design  of  athermal  systems  depends  on  selecting  the  right 
materials  and  upon  employing  a good  design  technique.  We  are  inclined 
to  think  design  technique  is  more  important  than  material  selection, 
but  this  is  merely  a matter  of  opinion.  We  have  offered  some  ideas 
on  the  design  of  athermal  systems.  We're  sure  the  reader  will  see 
opportunities  of  his  own. 

6.2  RECOMMENDATIONS 


We  recommend  further  investigation  of  the  effects  of  thermal 
gradients.  We  believe  emphasis  can  now  be  directed  toward  practical 
optics  rather  than  the  simple  abstractions  dealt  with  in  the  present 
report.  We  would  like  to  recommend  a collaboration  between  Dr.  Buchroeder, 
author  of  this  report,  and  Dr.  Malvick,  professor  of  engineering  on 
joint  appointment  with  the  Optical  Sciences  Center  of  the  University  of 
Arizona.  Dr.  Malvick  is  well  versed  in  the  finite  clement  computer 
analysis  of  optical  elements,  and  well  qualified  to  quantify  the  effects 
of  convection,  conduction  and  radiation. 


We  recommend  a parallel  experimental  investigation  of  mock  instru- 
ments built  to  yield  data  on  the  success  or  failure  of  mathematical 
modelling.  Since  the  image  forming  qualities  of  such  instruments  are 
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not  iliroctly  important,  thoy  may  ho  of  uniquely  economical  iiesij;n. 

Following  the  completion  of  theoretical  aiul  experimental  research, 
we  recomraenii  that  an  unclassified  military  optical  system,  such  as  an 
aircraft  periscope,  he  analyzed  and  tested  in  the  framework  of  theory. 
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